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1. SUMMARY 3
The active stabilization of rotating stall and surge has been studied with the aim of

increasing the stable operating range of aircraft engine compression systems and thereby realizing

improved performance and decreased weight. The work during this contract has progressed from 3
theoretical speculation, through experimental investigation, development of control procedures,

large scale demonstration, and the evaluation of alternate control approaches.

The initial efforts centered on establishment of the mechanisms by which axial

compressors enter rotating stall. In particular, the linear 2-D stability theory of Moore and Greitzer

was shown to match well with data from low speed axial compressors measured at MIT and high

speed data provided by an engine company. It was realized that the compressor stability could be

thought of in terms of an oscillator (second order system) rotating about the compressor annulus. 3
Disturbances would manifest themselves as small amplitude waves travelling about the

compressor annulus with the mature form of the waves being rotating stall. Thus, the compressor 3
stability would be equivalent to the wave stability, which is exactly what was found

experimentally. The linear assumptions of the model (used for mathematical simplicity) were then I
relaxed and the nonlinear form was shown to explain the differences observed in the stall inception 3
process in different compressors described in the literature.

Using the Moore-Greitzer hydrodynamic stability theory as a starting point, a rotating stall 3
control system was designed for a single-stage, low speed research compressor. The low

amplitude circumferential travelling waves were sensed by a computer which then "wiggled" a 3
circumferential array of individually actuated vanes so as to darp the travelling waves, thereby

increasing the stability of the compressor. The small amplitude (linearity) of the waves was

exploited by breaking the waves into spatial Fourier components, and centrolling each spatial 3
Fourier component separately. This approach succeeded in extending the flow range of the

compressor by 25%. This was the first time that compressor rotating stall was successfully

stabilized

This control approach was then extended to a three-stage research compressor. The data 3
I
I



from this experiment was used to refine the Moore-Greitzer stability theory, in paricular to include

the effect of time lags within the compressor. The modified theory was shown to quantitanvely

agree well with the experimental stability data including prediction of the onset of instability (i.e.

predicting when the compressor will go into rotating stall).

The above-described experiments were greatly aided by the development of control

theoretic models of the compressor and the application of pararneter identification methodology to

compressor fluid mechanics. Specifically, state-space models of the compressor stability were

formulated which proved very accurate, contributing in no small way to experimental gains

realized. The high speed actuators were used to excite the compressor open loop and thereby

established the forced response characteristic of the system. The measured system characteristics

were shown to closely match those calculated from the modified hydrodynamic stability model.

Given the system characteristics (either measured or calculated) and the control model framework.

then the controller design could be carried out in a straightforward and systematic manner. The

experimental controlled compressor performance was then shown to match well with that

predicted by the control design.

Since the theoretical models of the controlled compressor were shown to agree well with

data, the model could be used to explore alternate strategies for the active stabilization of

compressors. Variables studied included the selection and placement of actuators and sensors, the

effects of control bandwidth constraints, and the role played by the disturbance structure exciting

the compression systems. Both surge and stall control were examined. In all cases, mass flow

was the most effective variable to be sensed. For surge, actuators mostly closely coupled to the

compressor worked best such as a close-coupled valve or mass injection at the inlet. For rotating

stall, a peripheral amy of jets at the compressor inlet, injecting both mass and momentum, proved

the most effective, extending the stable operating range of the compressor by a factor of four over

that demonstrated on the three-stage compressor equipped with wiggly guide vanes as actuators.

These calculations highlighted the importance of adequate control system bandwidth, showing that

the actuators must respond at least three times faster than the system characteristic frequency (the



I

engine Helmholtz frequency for surge, the wave rotation rate for stall), These bandwidths are I
extremely challenging for the current actuator state of the art.

Understanding surge and rotating stall in the context of a second order system instability is

a powerful concept which enables new approaches to these old problems. One such approach is to

damp the perturbations in this fluid oscillator by coupling it to a stuctural oscillator with suitable

dynamic characteristics. This is analogous to the tuned pendulum damper concept employed on 3
WWHI aircraft piston engines. Surge control was studied first and several concepts were

analytically evaluated, including moving walls, throttle valves, and Helmholtz resonators. A I
moving plenum wall concept was implemented experimentally, with the wall engineered to have

the proper dynamic characteristics (frequency, damping, phase shift, etc.) as predicted by linear

theory. A nonlinear simulation was also performed to evaluate such phenomena as friction. The

moving wall structural damper worked quite well and proved as effective as active control in

extending the surge-free operating range of the centrifugal compressor on which it was tested. The 3
experimental results agreed well with the theoretical predictions.

This approach of using tailored structural dynamics to damp fluid mechanic instabilities I
has been extended to two-dimensional disturbances - rotating stall. Several concepts were

evaluated analytically. Then, a single-stage research compressor was outfitted with a peripheral

array of jets on the outer annulus wall, upstream of the rotor. The jets are controlled by composite 3
reed valves actuated by local pressure perturbations, The structural dynamics of the valves are

such that jet amplitude and phase shift are those needed to damp the incipient rotating stall. 3
Although the experiments are still in the preliminary phase, initial results are quite promising,

showing a 7% increase in the compressor stable operating range due to the dynamic behavior of I
the structurally controlled jets.

The active stabilization of compressors has progressed quite far over the course of the

work described herein. There are still challenges ahead, both in the basic research and applied 5
areas.

I
I



II. ROTATING STALL INCEPTION



Reprinted from April 991, VOl 113, Journal of Turbomachinery

Rotating Waves as a Stall
Inception Indication in Axial

.. Gaier Compressors
A. H. Epstein Stall inception has been studied in two low-speed compressors (a singte-stage and

a three-stage) and in a high-.peed three-stage compressor, using temporally and

E. M. Greitzer spatially resolved measurements. In all three machines, rotating stall was preceded
by a period in which small-amplitude waves were observed traveling around the

Gas Tubine Lao•ratory. circumference of the machine at a speed slightly less than thefully developed rotating
Massacnuserts Instilute of Tecnnolioy. stall cell speed. The waves evolved smoothly into rotating stall without sharp changes

Camnbrige. MA 02139 in phase or amplitude, implying that, in the machines tested, the prestall waves and
the fully developed rotating stall are two stages of the same phenomenon. The
growth rate of these disturbances was in accord with that predicted by current
analytical models. The prestall waves were observed both with uniform and with
distorted inflow, but were most readily discerned with uniform inflow. Enginetring
uses and limitations of these waves are discussed.

Introduction

Axial compressors are subject to two distinct aerodynamic "triUers" the surge, often after only one or two rotor revo-
instabilities, rotating stall and surge, which can severely limit lutions. Thus, surge and stall must both be considered; the
compressor performance. Rotating stall is characterized by a compressor surge Line could really be considered the rotating
wave traveling about the circumference of the machine, surge stall Line. and the surge margin as stall margin.
by a basically one-dimensional fluctuation in mass flow through We are aware of Veveral alternate approaches under inves-
the machine. Whether these phenomena are viewed as distinct tigation for reducing the stall margin required. They can be
(rotating stall is local to the blade rows and dependent only considered to fall into one of two categones: those based on

on the compressor, while surge involves the entire pumping moving the operating point close to the stall line in situations
system: compressor, ducting. plenums, and throttle) or as re-
lated (both are eigenmodes of the compression system with
surge being the zeroth order mode), they cannot be tolerated
during compressor operation. Both rotating stall and surge Operating Point
reduce the pressure rise in the machine, cause rapid heating With Stall Warning
"of the blades, and can induce severe mechanical distress.

The instabilities are commonly avoided by, operating the - -

- compressor at a reduced pressure rise so as to leave a safety - -',

margin, the so-called "surge margin," between the operating Normal
point of the compressor and the point at which the machine - * =-Operating Po-nt

surges. The requirement for surge margin reduces the available ..
dht

operating pressure rise from a given machine and often reduces
the operating efficiency as well. Reduction of surge margin
can then translate directly into compressor weight and effi- Surge Limn
ciencyjmp.roement so that there is practical incentive to re- .

ducing the surge margin required. In the high-speed
compressors common to aircraft engines, rotating stall and
surge are closely coupled. As the machine moves along a con-
stant speed operating line toward lower mass flow (Fig. 1), it
generally first encounters rotating stall, which then (loosely)

ComA-bted by the lnternatinal CGa Turbine lmwwte and presented at the mass Flow (0)
351th ue Gu TTurbine amd Aeroelkae Copn aud Expoaition. Bus- f t Compfrtess peormamne Iaohecrtatzed by the conetfit speed
seob 3ulgalUm, June 11-14, 1990. Manusrpt reaiod by the international Gas line am (solid Knot Ow otimpr sow Cannot be so"ely operated to the
Turbine Imtute, February 7, 1990. Paper No. 90-W"-1.56. ilst of go Surge line
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when surge and stall do not threaten, and those based on
moving the surge line itself and thus increasing the stable range
of the compressor. Efforts in the former category include: (a)
a real-time assessment of the stall margin by correlation of the -T,. 1
instantaneous aircraft flight parameters with the measured
compressor stall behavior; and (b) stall avoidance in which the
control system detects rocatinig stall and then quickly moves
the compressor operating point away from stall. low.

Dynamic compressor stabilization is based on an alternate C,,,,,, K-N.
approach. Here, the stall point is moved to lower mass flows
by active feedback control. This scheme, and stall avoidance
also, rely on the use of real-time measurements within the 1
compressor to assess the machine stability. Clearly, the earlier 9
a control system can detect a stall or even an incipient stall,
the more effective (and less demanding) the control becomes.

This paper describes an experimental study of the rotating 0
stall inception and growth process in three axial compressors. Fig. 2 The lmo evolutlon of the nondi•masional sxL*1 wetoolty (CMi• 1
Its goals were both to illuminate the manner in which stall cells distrlbution about the r-tmumfenm.O (0 ii s 2w) of a tfte#.etegg Comn
are born and develop, as well as to establish, as suggested by to, s CQIdng €i eu f. ablty meen iev of CA) pnoI
theory, whether real-time information can be extracted from
the compressor, which would warn of an impending stall before
the stall actually developed. This stall warning or "precursor"
could have significant practical benefit if the warning is suf- As shown in the appendix, we can describe the stability of
ficiently in advance of the stall so as to permit time for control a compressor in terms of the time evolution of an asymmetric
system response. The longer the warning, the greater the po- perturbation of the velocity potential, 4, namely
tential utility. *-= Z ~e•+* J(~ -• (1)

In the following sections, we review the relevant theoretical ,,t,0o
background on rotating stall development, describe the ex- Each Fourier mode (k) is the product of two exponentials. The
perimental arrangement, present data for three compressors term exp(iekr -mwoe) represents a traveling wave function of
under a variety of operating conditions, and finally comment
on the generality of these findings and their usefulness, circumferential position (5) and time (J); , is the wave fre-

quency. The term exp(lkli - oa) gives the dependence of
the wave on axial position (17) and time; oa is the damping of

Background the wave. Equation (1) can be viewed as analogous to the
A large amount of experimental data taken over the last 20 behavior of an oscillator rotating about the circumference of

years shows that, if meastred at a single point in the com- the compressor. The growth of the wave (i.e.. the stability of
pressor, rotating stall is seen as a sudden event with a growth the compressor) is determined by the instantaneous damping
period on the order of the stall cell period. Stall detection . When the damping is neative, oscillations gro.v and the 1
schemes based on this sort of measurement have thus not been !')w in the compressor is unstable. Active control schemes aim

successful in providing appreciable warning time. During the to increase this damping. Here we make use of equation (1)
same period, however, a theoretical basis for the description in designing an experiment to detect the rotating waves and
of rotating stall has arisen based on the understanding of measure the instantaneous stability of the compressor. 1
rotating stall as one class of the natural instabilities of the McDougall (1988) and McDougall et al. (1990) were the first
compression system. At its current state of development (e.g., persons known to the authors to have made measurements of
Moore and Greitzer, 1986). the model describes the time ev- these rotating waves. Examinin g a single-stage, low-speed com-
olution of surge and rotating stall in a compressor treated pressor, he found small disturbances rotating about the ma- I
mathematically as a two-dimensional incompressible device chine just prior to thi onset of stall, in qualitative accord with
(i.e., large hub-to-tip ratio), with three-dimensional phenom- the above theory. He included a good summary of previous
ena represented only through empirical inputs. The results of experimental work.
a prediction by this model for a representative three-stage To explore the use of the traveling waves as a stall precursor
compressor (Fig. 2) show an instability evolving as a small- or warning, we pose the following questions.
amplitude wave in axial velocity, which grows as it travels 0 Do prestall waves exist in most (many, all) compressors?
around the circumference of the compressor until, through " At what rate do these waves grow? How long do they
nonlinear interaction, it causes a large-amplitude disturbance persist?
in annulus average axial velocity (surge). This type of model a At what rate do they travel? i
provides the background for the present work. * How can they be observed?

Nomenclaturel_

ab, b5 - Fourier components of dis-
turbance velocity potential V - measured axial velocity tio (see equation (1))

c, - Fourier component of axial 71 - nondimensional axial coordi. -- compressor flow coefficient
velocity disturbance nate - axial distance/R u axdal velocity/U

k - harmonic number 9 - circumferential coordinate 4-, nondimensional compressor
6P - pressure perturbation x, - compressor inertia parame- velocity potential
N - compressor midspan radius ters 0 - compressor pressure rise = I
u - axial velocity perturbation - nondimensional time -P, - Pt,,/ ioV

(see Appendix) (time . U) IR - nondimensional frequency
U - rotor speed at midspan a = nondimensional damping ra- frequency • (UIR) 3

Journal of Turbomachlnery APRIL 1991, Vol. 113 1291
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2.0 consisted of hot-wire anemometers in the low-speed COmpres.
sors (oriented so as to measure axial velocity), and wadl-

0. omounted, high response, static pressure transducers in the high-
1. speed compressor. The high-speed machine had eight trans-1.8 ducers mounted about the circumference at each of four axial

stations. The low-speed machines had either eight hot wires ata time at one axial station o- three rows of four mounted at
Three-Stage various stations. The low-spe.d data were digitized in real time1.6 Compressor o (with suitable low pass anti-aliasing filters), while the high-

speed data were first recorded on analog magnetic tape. All
0 data were d.c coupled.

*1.4 o The hot wires were calibrated in piace prior to each test to
cc a velocity accuracy of :3 percent. The net resolution of the- 0 anemometers was 0.8 percent of the average prestall a.=al ve-

o locity. The pressure transducers in the high-speed experiment*1.2 0 were calibrated by Pratt & Whitney personnel. One pressure
a transducer had significantly less amplitude than all its neigh-

(0 0 bors so that its gain was raised in post-test processing to yield

1.0 0 the same level of rms fluctuations.

Signal Processing and Probe Placement Considerations
0.4 Single-Stage Experiments were conducted to look for small-amplitude

Compressor traveling waves whose spatial and temporal structure was irn-
00 portant. Probe placement and signal processing were therefore

0 carefully considered. Also, because the measurements in both
0.2 0 time and space were discrete, aliasing was of concern in both

0 dimensions.
o Probe number was determined by the number of spatial

0.0 1 1 1 1 1 1 harmonics (M to be examined. 2N+ 1 measurement points are
0.3 0.4 0.5 0.6 0.7 0.8 required about the circumference at each axial station. Eight

were used in most cases, providing definition of the first threeFlow Coefficient (•) spatial harmonics. We expected most of the energy in the lowest
Fig. 3 Compressor eharactedstics of the two low-speed compressors order modes but were concerned about aliasing of the higher
examined In this study order modes and blade passing phenomena. Since small up-

stream disturbances due to the compressor are irrotational,
they decay exponentially with upstream distance. Thus, the

* How is this behavior affected by inlet distortion and mass first measurements were made one-half compressor radius up-
flow transients? stream so that high-order (short length scale) disturbances

e Do high-speed (compressible) machines behave simi- would be filtered out fluid dynamically. These disturbances
larly? appeared not to be a'problem and measurements were sub-

In sum, these questions address both the basic assumptions sequently made throughout the compressors.
inherent in the Moore/Greitzer model and its utility in pro- We expect the waves to travel about the circumference at
viding real-time warning of an impending compressor stall. In close to the rotating stal] frequency, 20-50 percent of rotor
the following, we experimentally examine these issues. shaft speed. Thus, the data was digitally band-pass filtered in

the computer, with a passband 0.1 to 1.2 times rotor shaft
Experimental Apparatus .. frequency. These frequencies were determined by trial andt A u error comparison to the unfiltered data.Prestall behavior of three compressors were examined: two The filtered time histories of the individual sensors can be
low-speed and one high-speed machine. The low-speed, single- used to calculate the modal information by taking a discrete
stage compressor consisted of IGV's, rotor, and stator. It is Fourier transform in space about the circumference of the
descnbed in more detail by Johnson- and Greitzer (1981) and compressor at each point in time. Given Nmeasurements about
Lee (1988). The low-speed, three-stage compressor is described the machine, the complex Fourier coefficients for each mode
by Gamache and Greitzer (1986) and Lavrich (1988). Nondi- k are given by
mensional inlet total to exit static pressure compressor 'char--I r .,k-,"
acteristics are shown for the two machines in Fig. 3. Both low- *i -~x (2
speed compressors were operated at tip speeds below 100 m/. "N p (
s, so that compressibility effects were negligible. The high-
speed, three-stage compressor is a modern experimental design where V. is the measured axa velocity at angular position n.
run at Pratt & Whitney Div., United Technologies Corp. This For most measurements described herein, eight sensors were
machine was equipped with fast-acting bleed valves, which used so that N = 8, - 3 s k :s 4, and, since V. is real, Ck
quickly moved the operating point away from stall when t and C. t are complex conjugates. The Fourier coefficients con-
occurred to prevent mechanical damage. Experiments on that tain all the information on the wave position and amplitude
machine were conducted by Pratt & Whitney personnel and as a function of time.
the raw data provided to the authors. .. .

Low-Speed Compressor Experiments
Instrumentation The low-speed single-stale and three-stage compressors were

All the compressors were outfitted with standard time-av- used to explore the nature of the stall initiation process and
eraged instrumentation to provide the steady-state operating the prestall traveling wave behavior, examine alternate sensor
characteristics of the machines. Time-resolved instrumentation placements, establish the traveling wave statistical behavior,

292 IVol. 113, APRIL 1991 Transactions of the ASME
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20W '
Time history ot ax*lI velocily before stall as measured by eight

hot wrues equally spaced about the cirumfgefiCe 0.4 compresor radii

10o upstream of the lOV's

0 0 20 30 40 30 d0o

FIg. 4 Time history of axial veloeity from A single hot wire positioned '
upstream cf the sinile-slage compressor, the Machine Is In rotating s1till

alter a time of 35 rotor revolutions I T-

and determine the influence of inlet distortion and throttle (

(mass flow) transients.
Quasi-Steady Stalling Behavior. During these experiments, I

the compressor operation was first stabilized very close to stall o
(within 0.005 in flow coefficient from the stall point in Fig. 3
3) and then the throttle closed very slowly so that machine
would stall within 10 to 20 seconds. Data were taken during
this entire period from the eight hot wires about the compressor
annulus. Unless otherwisc specified, the hot wires were posi- , ._ .
tioned 0.5 compressor radii upstream of the IGV's. too .- 20 -1. .- 40 -W .20 0 20

Figure 4 shows the time history of the axial velocity as nft t(now awmions)

measured by a single sensor during the stalling transient. Here, P1g.6 Amplitude of the first Four•er harmonic (I Ct ) of the date In Fig,

time equal to zero has been defined, somewhat arbitrarily, as
the time at which the velocity nonuniforrnity has grown to 50

percent of the fully stalled maximum value. The period of a

rotor revolution is used as the unit of time since this is a at the stall point, from'0.35 rotor speed before the stall to 0.38
characteristic time scale for the phenomena. As can be seen, rotor speed with fully developed stall. The curve marked "sec-
the prestall fluctuations have a small amplitude compared to and h.-rmonic" shows that, for this experiment, the second
are greater than 100 percent of the prestall mean velocity. The too small with the instrumentation used) to give useful infor-

time history of all eight sensors about the circumfereace is mation.
shown in Fig. 5 on a magnified scale, and regular disturbances A three-dimensional representation of the C, component
can be observed here for a considerable time before the stall, during the last 20 revs before stall is shown in Fig. S in a format
The amplitude of the first Fourier component (ine modulus similar to that of the calculation shown in Fig. 2. The wave
of Ct), calculated from these data with equation (2), is shown nature of the disturbance in this machine is evident.
in Fig. 6. This is a measure of the strength of the first mode The amplitude of the oscillations in the compressor flowfield
of the rotating wave. Although small compared to the ampli- (in this case the traveling waves about the circumference) re- f
tude during fully developed rotating stall (t > 0). it is nonzero fleets not only the operating point but also the level of dis-

for a long period (90 revs) before the stall. The argument of turbances in the system (the forcing). Near the neutral stability
C, is the phase angle of the traveling wave, and this is shown point (do-",ing, a, close to zero), the flowfield should behave
in Fig. 7 along with the phase of the second harmonic (arg like a nar, - band system. Re-examining Fig. 7 we see that I
C2). The slopes of these lines are the speeds at which the there is a stretch of constant phase speed between - 140 and

harmonics of the waves travel around the compressor annulus - 125 revs, followed by a period of ill-defined speed to - 95
(the annulus has been unwrapped in the figure so that 2ir revs, and then finally constant phase speed until stall at 0. In
radians is one trip around). This coarse scale is used deliberately the context of the model, we interpret this to imply that the
to show the overall trend. The key point from Fig. 7 is that damping of the compressor (a) is very close to zero, so that
phase speed of the first harmonic of the traveling waves is the traveling waves are very lightly damped. They can grow
essentially constant and readily discernible for almost 90 rotor and then decay, depending upon the level of external disturb-
revolutions before the stall. There is a small shift in wave speed ances. Thus, we might expect to see some test-to-test variation

Joumal of Turbomachinery APRIL 1991, Vol. 113 1293 I
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Fig. 7 The time history of the phase of the linst and second Fourier stage compressor at different throttle rates
coefficients measured upstream of the low-speed, three-stage com.
pressor

Distorted Inlet Flow
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Fig. 10 A. ,rig. 9, but with Inlet distortion
Fig. $ Measured first harmonic behavior In a format comparable to that
of Fig.2 2... .

by blocking off 180 deg of the annulus approximately one

in the time during which the prestall waves propagate strongly compressor diameter upstream of the IGVs, creating a roughly
enough to be evident. This was examined by carrying out nine square wave total pressure distortion with an amplitude of 0.5
tests on the three-stage compressor under nominally identical dynamic head, based on nean velocity. The time-resolved mass
conditions. The mean prestal.l period of constant wave prop- flow for these experiments was obtained using the average of
agation was approximately 60 rotor revolutions with a high of the hot-wire measurements. The time derivative of the mass
250 and a low of 30. .(In all cases, the wave speed was 35 flow was obtained by a least-squares fit to the last second of
percent of rotor speed before stall and 38 percent during stall.) data preceding stall. The absolute uncertainty of these meas-
There is thus considerable statistical variation in the time dur- urements was estimated at 5 percent.
ing which the prestall waves were tracked. We have not char- The prestall behavior of the three-stage compressor with a
acterized the source of these variations; they may be related uniform (Fig. 9) and distorted (Fig. 10) inlet flow was measured
to low-amplitude external disturbances (noise) convected into at three throttle rates. In both cases, the rotating stall was
the compressor inlet. Overall, these data establish that rotating always p: .xceded by low-amplitude waves traveling at coastant
stall starts as a small amplitude travelling wave in the two low- speed, The prestall duration of these waves is roughly inversely
speed compressors studied., proportional to the throttle rate. This is consistent with the

s- : stability model in that the higher the throttle rate, the less time
Throttle Transiei and Inlet Distordon Effects. The influ- the machine spends at the low flow (0) region of the speedline,

ence of throttle (mass'flow) transients and inlet distortion which has low damping (a) and, thus, the shorter the period
(spatially nonuniform inlet total pressure) is of interest since during which the prestaRl waves can propagate for an appre-
we know from engine experience that rotating stall is often ciable time.
associated with these phenomena. Experiments were conducted The flow coefficient (0) at which prestall waves are first
on both the one- and three-stage compressors with qualitati. -f discerned is shown in Fig. 11 for the single-stage compressor
similar findings, as a function of nondimensional throttle rate (dl/dt), where

The throttle transient experiments were conducted at three t is measured in rotor revolutions, i.e., t = time/rotor revo-
different throttle rates, which varied by a factor of 150 to 1, lution period. The waves appear at nearly the same value of
the fastest corresponding to a flow coefficient range of roughly * independent of the throttle rate (over the rates examined.
0.1 (Fig. 3) per 100 rotor revolutions. Distortion was generated the waves appear slightly later as do/dt increases). The presall
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thf throttle rate a d te E*tdww.,SW% tQ reflected tin Fig. 1 , which sho r (he signl-tlito-nots ratic.Period of constant traveling wave speed (he le seg derined as the meaI of t amPlitude of %he nrt hamonic

menits in Figs. 9 uand 1)is plotted in Fig. 12 as a function of 0 C, ) of the -live divided by the st~an~dard dev-tation. The

presallperod t dstotio at evden inFig. 9Il.The Disturance Growth Ratt. The general nionlinewa~ modell thatitttudpero at ne-z throttle rate is an ortser of mae.g- vsrs oqain(larbs heoujno h rvun
nitde malerwith the inlet distortion than without. This Sv s oeuto 1 ecie h vlto ftetstn

behavior is also consistent with a model such as that described wave system in the c ,pressor and it should be capable of

by equation (1) if we consider that wave propagation velocity quantitatively predicting the growth of the waves. The inputs
and amplitude ate functions of the local flow conditions and required for the calculation are the comprsor geometr-y

thtus will vary about the annulus in tke case of distorted inflow. (lengths. blade nagger angles. etc.) and the sleady-state con~-
We infer that the signal processing technique used here (equa- dperinen cact merstm. Comt arishth of t dte l•wedo• n -it

tion (2)), which looks only for sinzssoidal waves, is not optimal epressr imenta) showsumn foor agreement.e (low-ped thtcom-h
with inlet distortion. Instead, a method based on the true piniial o ditgons worthe mo•del areemnt Now,, the at.sidero the

egetmodes of the system-and thus independent of wave referelcoin for the d od t e alclat .are arbit .
"shape-should be used. These could be calculated using the orefee D oure thise a•oa an•nthels• Ti2sh• teon aled a o thear
procedure outlined by Hynes and Greitzer (1987). but we have odethe the

not yet taken this step.

Sehsior Fislalmoo Infsience. Data were taken with the cir. HeghSpeed Compressor EzPtliments
cumferential aray of sensors at rive different axial stations The wall static pressure history measured just upstream of
upstream, downstream, and between the oade rows of the the first stage scstor in a three state high-speed compressor
single-state compressor to evaluate the influence of sensor wnth uniform inlet flow during a slow throttle transient is shown
placemet on traveling wave detection. The waves were dis- in Fig. IS. The data at e for eight circumferential kdcatons•
cernible at all axial stations. The amplitude increased as the The phase speed of the first two spatial harmonics of these
seeors were moved downstream but so did the noise. This is data as calculated using equation (2) shows that the second
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revoluutons, showing a behavior sipilar to that of the low. speed ard daping varying about the circumference as a resultSspeed hompresors. Comparison of the phase speed of the of the locay varying flaw field. The cross correlations of bothsecond harmonic as meascured at the leading edge of each of high and low-speed compressor data show that there is localtelthree sta(or rowsi(eFi. 17) shows the sigcal to be the clearest real-time information available on the instantaneous cort-Sat the first stage. Other measurements and calculations indicate pressor stability, whdch may require more sopsticated data
thareotirst hi stage stalls irst under these flow condithions, processing than represented by equaton (2).

Time history of the wall static pressure on the high-speed of -T
compressor with aslO e inlet distortion duing a slow throttletransient is shown in Fig. 18. Here we see that the presral i Application Of Signal Processing to Compressor Sco-
disturbance level is not uniform about the circumference. The b ailty Es w h yuoai ...phase speeds of the first two spatial harmonics of this data We believe that the experimental data presented have verified

are not readily discerned (Fig. 19) except for a short stretch the applicability of the compressor stability model representedof the second harmonic. The reason for this may be inferred by equation (I), at least to the three machines studied. In this
from the time histories in Fig. 18, which show prestall dis- view, compressor stability is directly linked to the growth orturbances of relatively high amplitude originating on sensor 7 decay of the traveling waves and rotating stall is simply thelow flow region) being strongly attenuated as they move by mature form of this wave evolution. The question .of-stall
sensors 6 and 5 (high flow region). Cross correlations of ad- warning thus becomes one of identification of the waves andjoining sensors were taken, which indicated a maximum at a estimation of their growth rate. The practical implementationtime delay corresponding to 13 percent of rotor speed. A time of this approach is complicated by two factors. The.f..st ishistory of the maximum value of the cross correlation between that, during transients, the growth of the disturbance may not
sensors 0 and I shows (Fig. 20) strong correlation for the period be slow compared to its fundamental period, and this reduces
(- 100 to - 140 revs) during which constant phase speed of the effectiveness of the more simple time spectra techniques
the second harmonic can be discerned. The correlation in- such as fast Fourier transforms (FMT). The second is that the
creases again as stall is approached. circumferentially uniform flowfield of a compressor with inlet
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t or peak yields information on the wave growth and thus the

n i ot -rumer e rcompressor stability. This should be a more discerning tech-
n oe s eythan the simple-phase speed plots (as in Figs. 7, 9, 10,

-f and 15), since the phase is driven by the strongest frequencyI ,component present in the signal, which is not necessarily that
s requd 1o oof the traveling waves of interest, while the PSD will not be

-he fo' owingThe fast Fourier transform (FoT) is often used to calculate
-'10 -IS -is .0 40 30 a PSDs but ha~s two limitaions that are important in this ap-

no"w (stew leavng tev plication. The first is that the frequency resolution is propor- I
Fig. 20 The maximum value of the cross correlation of the adjacent tional to the time interval available for analysis. The second
trassducers of Fig. 8in a highApeed. throewstage compressor is that the absence of information outside this interval distorts

the spectral response. These problems can be particularly trou-
distortion means that wave growth and propagation rate are blesome with very short data records and data with time varyingI
nonuniform about the circumference, reducing the effective- spectral content, bos h of which are present in this application.
ness of the simple spatial analysis approach of equation . Other techniques have been developed .however, which largely
To extract the maximum information available from the overcome these problems. The one adopted here is based on
compression system, more sophisticated signl) processing is the fidting of a linear model to the data (Kay and Marple, F
thus required to cope with temporal and spatial variations. In 1981), which has the advantage of resolving sharp spectral
the following sections, we address only the problem of tem o features from short data records.
poral variability, leaving the spatial variation problem to a The power spectral densities of the fitst spatial hamonic of
laser time. the axial velocity before stall in the single-stage and the three-

As sketched in the Appendix, the wave behavior of equation stage low-speed compressors are shown in Fig. 2. pte tra- I
(1) is associated with the temporal behavior of the Fourier cling wave is readily apparent in both compressors, at 0.24 of
modes (ak) of the velocity potential of the form rotor frequency for the single-stage and 0.35 for the three-

daS A ts st stage. (The three-stage data were low pass fitered to remove

7T Q - cak~f (3) the d-c component; the single-stage data were not.) Figure 21

b e eshows the power spectra at one flow coefficient at one instant

wihispo thet dscrptiahroni of a h firtowdeid system k inwihod C ioo is ofesene . Theipwe in the strav eln wav (iesul.o the heighto

a constant that depends on geometry. Two interrelated aP- the peak at the traveling wave frequency of Fig. 21) is plotted
proaches can be brought to bear on this system: spectral anA~l- in Fig. 22 as a functijon of flow coefficient. The amplitude ofU
ysis and system identification techniques. this peak at the traveling wave frequency increases as the flow

coefficient is decreased, implying that the power in the waves
Spectral Analysis. In its simplest form, spectral analysis can is related to the compressor stability. Note that the power in

be used to estimate the power spectral density (PSD) of each this first spatial harmonic is considerably reduced when inletU
important spatial harmonic of the flowrield. A peak should distortion is present. This is most likely a result of the signal

be present at the frequency of the traveling waves (20-40 per- processing technique used here, which was aimed at discerning
cent of rotor rotation) with its height being proportional to sinusoidal waveforms traveling about the compressor circum-
the power in the wave. Monitoring the time evolution of this ference. The distorted inflow waveforms are not so simple, I
Journal of Turbomachlnory APRIL 1991, Vol. 113 / 297 I
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Fig. 2 Competlon of the linea mod and measunment of thO power
spetrat diansify of this nuel O"atIa harmoni on tOe low-speed, s"jgo-thus more sophisticated processing techniques may be required. sts" Conf~y tse-

The direct spectral approach lets us identify flow features but
does not directly yield information on compressor stability, o am
since the height of the peak is a function both of the damping A.1... me"
of the system and the amplitude of the excitation. System Fd5 - OC- . O*v.. ft"

identification techniques are of use in this respect. -i
System Identlflcaton. We have a model (equation (1)) that

we believe to be a relevant description of the physical system. a
compressor stability. System identification is a technique that
allows us to estimate the values of the physical parameters J
describing the compressor stability by fitting data to the model 4
in real time. A discrete time series y. can be modeled as the
solution of a difference equation

y.=b#y._.+.. .+b~y,.,+v, (4) i 4o
where v. is a noise term (turbulence, electrical noise, Convected
disturbances, etc.). The p coefficients of bi in equation (4) can
be estimated by fitting a pth order linear model to the data. .'0
The advantage in this application is that only the parameters
need be estimated since the form of the model has been es- .120

tablished. Filtering can be used to enhance the results by re- 0. O.
moving unmodeled dynamics and correlated noise...

The model can be fitted to the data in either the time or ow ,
frequency domain. The time domain was used here since it is Fig. 24 As Fig. 23, blt for Coold spUti harmonic
well suited to real-time implementation. Least-squares tech-
niques can be used recursively by updating the model parameter totted inflow. In both case, the model fits the general shape
estimates for each new data point (Goodwin and Sin, 1984; of the data well. The distorted data shows a peak frequency
Friedlander, 1984) and "forgetting" old data to track time of -0.3. which is too close to traveling wave frequiency to
varying parameters. We refer the reader to Gamier (1989) for simply filter, so a second-order model was employed to account
further details. for this peak. All of the distorted inlet data subsequently used

We rewrite the wave model of equation (3) for each spatial a second-order model. "
%armonic in the form of equation (4) as an ordinary differential The damping coefficient (#I) of the firt spatial harmonic
equation estimated with this technique from the data is-shown as a

function of flow coefficient in Fig. 25, with and without inler
.. . dC_.~(•)= (ea-laiw)C..i() + V(+ ) ' (5) distortion. With undistorted inflow, the compressor is stable

.. .. " until the damping approaches zero. With inlet distortion,'the-
where C-, is the harmonic defined by equation (2), ea the damping is greater than for the undistorted case away from
traveling wave damping. w& the wave frequency, and Y(J) the stall, but drops much faster with flow coefficient -lntii'the
driving noise. In fitting this model to the data at any instant machine stalls at a somewhat higher value of o. The frequency
in time, we have estimated the wave damping and frequency of the first spatial harmonic (tat) is the same with and without
for each spatial harmonic. To the degree to which the model inlet distortion and independent of flow coefflcient.Thein-
is valid, wave damping and compressor stability are equivalent. fluence of throttle transients is apparently to steepen the drop'
A real-time estimate of a is thus an instantaneous measure of in damping with flow coefficient as well as delay the stall to
the compressor stability, a somewhat lower flow coefficient (Fig. 26). How much of the

The fit of equation (5) to the power spectral density of the delay is due to unmodeled inertia effects within the compressor
first spatial harmonic of the single-stage low-speed compressor and how much is due to time lags in the algorithm has not
is shown in Fig. 23 for undistorted flow and Fig. 24 for dis- been determined,
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05 U"HO~MIM. tistage compressor of the blade row in which the stal starts.
thsttiodMist Thedata from the high-speed compressor indicated that the

M 0.4. waves are most clearly discerned at this axial station.
One of the most intriguing and challenging uses would he

as a real-time prestal indicator in an operational engine. Trie
-~ A Alimited data presented herein suggest that sufficient warming

time may be available (teas to hundreds of rotor revolutions)
s 0.2.for a more or less conventional engine control system to take
CrI corrective action (changing fuel flow. nozzle are&, vane set-

0V Eings, etc.). thus reducing the surge margin required and the
associated penalties. There are many questions that must be

established-not just ones of compressor dynamics as ad-
2000 A dressed here but also more applied ones such as sensor relia-

A liy, computational requirements, system complexity, overall
1600.dependability, and wost.
1600 AAn even more challenging use of these prestall waves is as

a control signal for an actively stabilized compressor, one in
120 - which external feedback control is used to increase the corn-

0 ~pressor stability by increasing the wave damping (a). EpsteinI
E. A aet &l. (1989) first suggested this approach and an ongoing effort

12000 was described by Dugundji et al. (1939), where the inlet guide
U. vanes of a single-stage low-speed compressor were being - wig-

400 S_0 led" to suppress the traveling waves and thus increaseth
0 ~compressor stability.th

000 For any of these applications to become practical. consid-
o a 0 0erably more work than presented here must be done on the

0.34 0.36 0.38 0.40 0.42 sensing and identification of these circumrferendally traveling
Flow Coeffcient %*) waves. In particular, the sinusoidal nature of the signal pro-

Fig, 2S First spatial hatmonlc waeir damping (e an frequency cessing inherent in equation (2) must be relaxed in order to
Hismted from UI* single-stag. compressor measurements using parmm, account for more complex flows, such as those with inlet dis-
ster Identiflatlen tschniques tortion. Algorithm selection and adaptation to minimize the

length of time data must be taken to identify the waves is
lama~, another area where work is needed. We believe these extensions

~~ of the present work are straightforward, although not nece-
-~ -'sarily simple. Somewhat more complicated (or at least tedious)

* -~--cis. is the analytical inclusion of compressibility to model high-1
- speed machines accurately (although the high-speed data ex-

amnined to date are quite similar to that from low-speed ma-

An extremely fundamental question is how general are the1:1 -results presented herein; do some, most. or all compressors
exhibit this prestall wave behavior? We make no claims beyond

- the results for the compressors we have examined, All exhibit
similar behavior, behavior in accord with the theoretical models
of compression systemp stability.I

We know of no reason why such waves should not exist in
alcompressors, although we would not be at all surprised if

MFo Fig ",'t their strength and duration varied to such a degree as to render2i Frsl"islai amonledsm~ing asin Fg. S, ut etimted them very difficult to discern in some machines. Only more
for hilem hrotle renlentrets (eMOdata can answer this question.

Dlscussion-Engineering Uses of Prestaili Waves-
As we have demonstrated, the compressor damping can be Cofleuslons and Summary

directly estimated on-line, given sufficient experimental data. We have examined the flow in two low-speed and one high-
The damping is a direct measure of the compressor stability speed compressor, The experiments in these machines show
ovea the period represented by the data and is thus an indication that:
of the likelihood of stall. Whether a machine stalls at a given I Small-amplitude (less than 5 percent of the stal ampli- I
time is determined not just by the system damping, however, tude) waves can be discerned traveling about the compressor
but also by the nature and level of the system forcing, which annulus at dose to the rotating stall speed for 10-2OO rotor
we have not addressed here. The damping by itself, though, revolutions prior to the onselt of rotating stall.
osalis an indication of the susceptibility to the excitation and thus .2 These waves 1pow into a fully developed rotating stalW

to "a.without apparent sharp changes in either phase or amplitude.
. One use of this information would be to establish the surge 3 The prestall period during which these waves were dis-

line of a new compressor on the test stand without the necessity cerned varied by a factor of 5 at a single flow condition,
of actually stalling the machine. This avoids the requirement apparently stochastically.
to "dump" the compressor automatically to a higher mass 4 The behavior was similar in both the high and low-speedI
flow each time surge is encountered (necessary to prevent me- compressors, except that the first spatial harmonic was the
chanical damage), and can provide a savings in test time. A strongest in the low-speed machines and the second in the high-
second possible use is to determnine the loication within a mul- speed.
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5 In multistage compressors, the prestall waves are clearest MCDO•u1I5I N M , CuwPay. *4 A .od Hyine. T P 19,. Sta.l I,,.,
in the stage that stalls first. to A"Al COmIvat, " ASME Jocvmp,i or Tv-ocutsYVt, , •i2. pp

6 Inlet distortion reduces the period during which the pre- 1 oe-1 , 2J K, , Th of Rt.cw SitM of Mi ti ALSI Co rn

stall waves were discerned, using techniques based on the as- p nm: pan I-sotmil Du0wbAc. Asia jowAaoFxaWn~t•oPO•W
sumption of sinusoidal waves about the circumference. Vol 101, w. XX-XX.

7 The data fit the model of Moore and Greitzer, including MoW9, F. K-. sad GMct, I.M. It". 'A Tleoy oa Po.siA Ttutfmuin al Comoftuor,: Pan t-ODrewlos of ,hE- Eaoo., ASME ,ta,,wwiboth the qualitative behavior of the prestall waves and the If En4asf.orr G.O Tubsim , , Power, Val. 10C pp, •*•-6
quantitative prediction of the growth rates. Slefnann, A. H., 1910. -fKtOx&o Uad And Surge," ASME Journ of fU4.

Overall, we believe that recognition of this wave behavior E£Swsn. Val 102, pp. 14-20.
can be a useful tool in the study of compressor stability. Future
work should encompass more sophisticated signal processing
to account for distorted inflow, include the effects of com- A P P E N D I X
pressibility, and extend the experimental work to a larger num- Brief Description of the Basic Stall Inception Model
ber of compressors. The underlying ideas of stall inception and the approach to

the sensing are connected by a simple model, which provides
Acknowledgments a framework to view the phenomenon. Two points concerning
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Across the Compressor. As stated, there are three matching - I S C U S S I O N
conditions that are applied across the compressor. The first is
that the local axial velocity distribution is the same at all axial Y. N, Cben,' U. Haupt.' and M. RautetbcrgI
stations through the compressor. This approximation is made I
on the basis of the small opportunity for circumferential re-
distribution within typical compressors. Order of magnitude The paper presents a series of interesung experimental results
arguments imply that it is most correct for disturbances with about the prestall wave. Figure 4 shows that thds wave is am-
low order harmonic content, and these are precisely the ones plified within about one cycle into the rotating stall wave of I
of interest here. Discussion of the assumption can be found nearly the &ame frequency. The explanation of this "ttemely
in the papers by Dunham (1965) or Stenning (1980). strong amplification is based on the two-dumensional theory

Explicitly, the matching condition is of the velocity potential given in equation (1), as introduced
by Moore and Greiater (1986). This equation represents a tray-

u,(0, 9, •) u(0. 0.) cling wave around the circumference of the rotor with de-
where the subscript u refers to just upstream and d to just pendence on the axial position. Equauton (1) is viewed in the
downstream of the compressor. -. paper as anaJogous to the behavior of an oscillator rotating

The second matching condition is constant leaving angle at about the circumference of the compressor. The growth of the
compressor exit. This is also an approximation, but it should wave (i.e.. the instability of the compressor) is deterrruted by

-be reasonable for the soLidities of practical concern, the instantaneous damping, When the darnpmng is negative,
The last matching condition can be expressed in terms of a oscillations grow and the flow in the compressor is unstable.

relation between the pressure difference across the compressor The prestaLl wave in the form of a stall precursor is thus
and the local axial velocity and its derivative. As developed considered in the paper as an axially transverse wave traveling
by Moore (1983) (see also Moore and Greitzer. 1986) the match- around the circumference of the rotor. As the corresponding
ing condition can be written in a linearized form as annular space is occupied by a lot of blades, it may be difficult

4 _i X•.) 0 .] (A) to realize how such a traveling wave can cross the barrier in
d- (A) the form of these blades.
* L d 8 at MCI) If the alignment of the stall cells of multistage axial corn-

The quantity (dO/d4) is the slope of the steady-state com.- pressors in the axial direction is considered, the waves asso-
pressor characteristic, and X and # are nondimensional pa- ciated with rotating stall of each of the stages are blocked in
rameters associated with the inertia of the fluid in the the axial direction. In other words, the waves penetrate through
compressor blade passages. Their precise values are not critical the whole deptho of the c pssor fo the rotof ihe fwirst 1u
here since what is of most interest is the general form of the stange t t he o tte rast stage in the axil direction withou
solution, but for reference r is roughly twice X and is of order chaging in the global pattern. This depth-independent nature
unity. reveals that the waves of the different stages have the capability

of blocking each other in the axial direction on one hand, and
Downstream Flow Region. The linearized flow field in the crossing the blade channels of the rotor on the other.

downstream region is periodic and obeys the equation The writers of this discussion found in their previous pub-

V36P =0 (A3) lications (Chen, 1990; Chen et al., 1987. 1989, 1990a, 1990b,
1991; Haupt et al., 1987) that the baroclinic waves in corm-with the boundary condition far downstream of constant static bination with the Rossby waves and the associated transient

pressure. The downstream pressure field is thus of the form vortices (a circular Karman vortex street) posses the capability

6Pd=f:PAr()e- ÷ fkll~iW(A4) required.
It was shown by the writers that on the verge of rotatingUsing the linearized forms of the equations of motion in the stall the compressed reverse flow comes from the annular space

upstream and downstream region equations. (Al), (A.2), and behind the outlet of the rotor along the casing/shroud to meet
(A4) may be combined into a single equation for ak(E), the the fresh forward flow on a ring-shaped front. Due to the
Fourier component of the upstream velocity disturbance po- different entropies and temperatures of the two opposite flows, I
tential. This is a baroclinic instability deforms the ring into a wavy motion.

I~dol)_ This front was, in addition, confirmed by the measurements
da(...) Rd) kX of Koch (1970) and Inoue et al. (1990) as cited in Chen et al. 3

da( (2+ Iklo ) )) (AS) (1989. Fig. 14, and 1990a, Fig, 17). The wavy motion of the
S (2+ () front is then developed into Rossby waves, the velocity field

If we define of which was detected from the measurement of Breugelimans
and Sen (1982) on a centrifugal turbomachine (Chen, 1990,

IkI (A) Fig. 10), and from the measurement of Lavrich (1988) on an
Saxialcompressor (Chen et al., 1990b, Fig. 20, and 1990a, Fig.
4).

- kI (A7) There are two kinds of secondary recirculations in the rotor,
2+k I- which control the activity of the Rossby waves and the rotating I

The solution of equation (AS) can be written stall.The frust kind of secondary recirculation, composed of the

at(.) =bkel' -v'hk)l (AS) reverse flow along the casing/shroud and the forward flow
and thus . along the hub, primarily promotes the Rossby waves and thus

the rotating stall. There is a dose analogy between the Rossby
ikite of an axial compressor on one hand, and the Rossby waves

As stated in the main text, therefore, the Fourier mode is the (baroclinic waves) on the upper and bottom layers of a rotating
product of two exponentials. The term e0"•-*A) represents a I
traveling wave, with w& the wave frequency. The other expo- 'Sulm &dien Ltd.. Wintathur. Switwland.
nential, e g' , gives the dependence of the wave amplitude Suitate rar Turbo.ac.inmy. Umverty of utamover. FedeJ Repubfic of
on axial position (ii) and time; a, is the damping of the wave. Ommy. 1
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fluid annulus with an artificial recirculation between the outer Refertences
and inner cylindrical walls found by Douglas et al. (1972) in Chen. Y N, Htup., U, ard Uuteq, M. 194', "On the Nawrcr t
their laboratory experiment (see Chen etal., 1987, Fig. 9) on awiSt Ci'tni'uComee.oiiwzh Vaned D,fNw, Pan 11 K•WJ,.

the other hand. The pressure rise of the rotor corresponds to VoSi- .h Cofuots ctwn,,. U' ToVol. tff,.Ad. CIp T.,69-,81
the gravity field in the experiment of the rotating annulus. The Chen, Y N . Hu, U.. ad Ra M. 190,9.Th-t Vortex-Eamnea
Rossby waves in the two annular spaces/layers are coupled NeU$C of t, Ra=,. now on ••e Vers of IRotAij SLau,", AsME Jeu.,"'.L

with each other by their blocking effect. or TUVAO1N,•CUMi, Vol. I11, pp. 450-461,
In the case of the rotor, the communication of the activity Chen. Y N_ Haup. u . Ws . Uo Ln. 0-, ,aii in T, . Moi . 19W.s"IT khavior of the ntosby Waves of Rouetas Stewin Tu Tmxomopressort'

of the Rossby waves between the blade channels is carried out h-toSi Dr-,,, Drw sau ci m ww. tsaaitun Maw. pT s01-
by the second kind of secondary recirculation around each of 4.
the blades, as shown by Chen et al. (1990a, Figs. 14, 15, and Chen, Y. N.. Haupt. U.. and atautanbig. M_. i990•., "Ros.bo W and
16). Assoiatied Trranuwc Rtoag $LkjS VOMXO,- 0 K441aJ 4 A.A-8 T•wbCOM

Furthermore, each blade channel of the rotor of an axial . ZetecW$ fir wmeaxf"un d Weltreumimfwung, Vol 14

compressor generates its own Rossby wave (see Chen et al., ch". Y. N.. iM, "ato"On 1 sW, A Its" Compressors and Pu•,p U
1990b, Fig. 22), which serves as a communicating member toiab, Wav•s Associatd With Transien Von.a.'* SUter Tersac Rtwr..
between the Rossby waves in the two annular spaces in front No. 1. p. 51-M.
of and behind the rotor. In this manner, the field of the Rossby Cobtwn Stl in SIe s. U.. and R A ppim on," to 9 e publish ed

waves around the entire rotor forms an ensemble, renewing Haupt, U.. Cbmn. Y N.. and 3.autwincg. M.. 19r, "On me Natute of
from blade channel to blade channel under the guidance of Ito-u&g Sica i Czartiual Comprsots With vane DIftuers, Pani I De.

the activity of the Rossby waves in the frontal and rear annular "amuoc of Rirve•, Flow." 1997 T7*"o lJeamtzo.i Gau Turbu,* Conl•tu. Vol
II. pp. 161-I68.

spaces,
The formation of the Rossby wave in each of the blade

channels of centrifugal compressors can be also verified, as
shown in a further paper of the writers 11991). Authors' Closure

The Rossby waves in the turbocompressors and pumps are
similar to those in the ocean and the middle atmosphere (e.g.. The authors thank Drs. Chen and Haupt and Profesor Rau-
500 mbar height). In the latter case they guide the polar front tenberl for their comments. We do not, however, agree with
on the earth's surface (i.e., between the warm westerly from the points that are made. In particular, we do not see that any
the subtropical region and the cold easterly from the polar scientific evidence at all has been presented connecm.g rotating
region, and thus subjected to the baroclitic instability for stall with either Rossby waves (which occur at high ratios of
forming the meteorological vortices "low and high" of the Coriolis to inertial forces) or barocliaic instability. To be more
unstable weather event), and the jet stream in the high at- explicit, we have not seen, either in their discussion or in
mospheric level (200 mbar). previous expositions, any clearly stated body of assumptions.

The Rossby waves of the rotor have their velocity compo- a mathematical statement of the problem, calculations based
nents primzarily in the tangential and radial directions u and on this statement, or predictions about the form of such waves
v. These two components correspond to the west-east direction in an axial compressor. We feel strongly that such a rational
of the zonal flow and its deflection to the north-south direction development is needed to demonstrate the appropriateness, let
in the Rossby waves of the atmosphere. The axial velocity alone the correctness, of any proposed theory. Figure 14 of
component w, which initiates the first and second kinds of Gamier et al. is the result of such a process: a computatior
secondary recirculations of the rotor mentioned above, is not based on a clearly stated theory. Its agreement with experiment
directly involved in the Rossby waves. These tangential and seems to us to show that the theory contains much of the
radial components u and u of the Rossby waves are then capable essential physics of the stall cell wave evolution, but if this is
of being communicated between the blade channels as stated disputed then there are specific statements that one examines
previously, to see the cause of any disagreement.

The paper under discussion is based on the wave motion of In addition to this overall view, there are clear errors of
the axial velocity component w around the rotor. This cor- concept in the discussion. For example, barocliruc instability
responds to a wave motion in the atmosphere in the direction (which depends on density not being solely a function of pres-
normal to the earth's surface. Such a wave is observed as an sure) in invoked by the discussers to explain some aspects of
internal wave in stratified flow on the earth, e.g., the lee wave rotating stall. The flows examined by Gamier and predeces-
downstream of a mountain as a barrier. This wave cannot sors, however, had low Mach numbers (on the order of 0. 1 in
cause a rotating disturbance around the earth. In other words, some cases) and temperature rises much less than the ambient
the axial disturbance in a rotor cannot stay in any direct con- level. Under these conditions, the flow can be considered con-
nection with the rotating stall, which has the major property stant density, the entropy has no dynamic significance, and
of a rotating disturbance. there is no role played by baroclinic instability. Further, in the

The rotating stall of the axial compressor usually has one theory presented in the paper, the propagation of the stall CelC
stall cell. The Rossby number of the accompanying Rossby depends on a balance between inertW effects in the compressor
wave was determined to be 0.083 by the writers (1990b). The and the upstream and downstream flow fields; there is no
rotating stall of the centrifugal compressor with its two-cell relationship to Rossby waves.
pattern has then a Rosaby number of 0.17 (Chen, 1990). These In summary, while some of the statements concerning Rossby
values correspond well to those of the Rossby waves in nature. waves made by the discussers may be correct, we have seen

The writers are quite aware that their Rossby-wave theory no factual trail leading to their connection with rotating stall.
is still in a developing stage. It needs further mathematical and We would be pleased to consider such evidence if presented
physical treatments. An advanced step for this will be carried in a well-reasoned and unambiguous manner, rather than as
out in the near future (Chen et al., 1991). the vague analogies that appear in the discussion.
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Modeling Axial Compressor
Nonlinear Rotating Stall Phenomena for Control

James D. Paduano

Daniel L. Gysling

Massachusetts Institute of Technology

Cambridge, MA 02139

A formulation of the Moore-Greitzer rotating stall model is presented which
allows nonlinearity to be represented in a control-theoretic framework. To test the
validity of the nonlinear model, stall inception experiments are compared to
simulated stall inception transients. The shape of the nonlinear compressor
characteristic is shown to be important in characterizing the transient behavior. The

effects of the throttle characteristic and unsteady losses are also discussed.

Rotating stall and surge are violent limit cycle -type oscillations in axial
compressors which result when perturbations (in flow velocity, pressure, etc.)
become unstable. Originally treated separately, these two phenomena are now
recognized to be coupled oscillation modes of the compression system -surge is the
zeroth order or planar oscillation mode, while rotating stall is the limit cycle
resulting from higher-order, rotating-wave disturbances. The importance of these
phenomena to the safety and performance of gas turbine engines is widely
recognized [1], and various efforts to either avoid or control both rotating stall and
surge have been studied [2,3,41.

--A turning point in these attempts came with the development of relatively
simple models for surge and rotating stall [5,6,7], which relied on modeling the
global behavior of the compression system rather than detailed internal flow
characterization. These models, which we will call the Moore-Greitzer models, were
simple enough to be used in the design and implementation of stabilizing
controllers. In fact, it has been shown that in centrifugal compressors [8,9], and in
some low-speed axial compressors [10,111, the linearized versions of the surge and



!

rotating stall models are accurate and useful representations in the context of

stabilization.

The nonlinear forms of these models have also received attention as tools for

studying stabilization and control (12,131. In this respect, nonlinear modeling of

surge is more mature: experimental studies indicate that the details of surge

initiation and the surge limit cycle are well characterized by the nonlinear surge

model [14,211; all indications to date are that nonlinear control law design based on

this model is justified and would work in implementation.

The nonlinear rotating stall model, on the other hand, is more complicated,

involves more assumptions and simplifications, and is more difficult to verify

experimentally. Lavrich [151 conducted the most thorough study of the assumptions

of the Moore-Greitzer model, and found that during fully developed stall, significant

radial and circumferential flow occurs, which makes the model assumptions less

accurate. Thus care must be exercised in using the rotating stall model without first

verifying its usefulness in characterizing the instability to be controlled. m

Fortunately, characterizing fully-developed rotating stall is not our primary

goal. Since a stabilizing controller would keep perturbations relatively small, it is

only small-perturbation waves and stall inception waves that we must accurately

model. The former have been shown to obey the linearized dynamics satisfactorily,

and to be stabilizable over a certain range of unstable operating conditions. Stall

inception waves, on the other hand, involve large enough perturbations that

nonlinear effects must be taken into account. These nonlinearities may be important I
for controllers of severely nonlinear compressors, or to extend the stabilized

operating range of existing active control research compressors. 3
In this paper, we first present the coupled nonlinear surge/rotating stall

model, in a form which is useful for control law design. We then look at

experimental rotating stall inception data, and compare it to simulation results. Our

goal is to show that, for the perturbations which lead to rotating stall, the Moore-

Greitzer model adequately characterizes compressor dynamic behavior. In the

process, the important effects of the nonlinearities will be elucidated.

Low Spgeed (TnC Vcm'sdibe) orn.pre~ssor Mode•ling

Consider the schematic diagram of an axial compressor in Figure 1. It m

consists of an upstriam annular duct, a compressor modeled as an actuator disk, a

downstream annular duct, and a throttle. During stable operation, flow through the 3
2



compressor can be assumed to be circumferentially uniform (axisymmetric), and a
single non-dimensional measure of flow through the compressor determines the
system state. This measure is the 'flow coefficient', which is simply the
nondimensionalized value of the axial velocity:

(axial velociry)
(rotor speed)

During quasi-steady operation, the total-to-static pressure rise delivered by the
compressor is simply determined by its 'pressure rise characteristic,' denoted WC(O).
The pressure rise is balanced by a pressure loss across a throttling device, which can
be either a simple flow restriction (used for testing compressors as components) or
thl combustor and turbine in a gas turbine engine. The balance between pressure
rise across the compressor and pressure drop across the throttle is depicted as an

intersection between the characteristics of the two devices, 'C(O) and WT(ý), where,
for low pressure ratios, VT(O) is usually taken to be a quadratic function of 0:

tr-1Kr02. (2)

KT depends on the degree of throttle closure. In a typical experiment, the throttle is
slowly closed, the throttle characteristic becomes steeper (modeled by adjustment of
KT above), the intersection point between VC(O) and WT(O) changes, and the
equilibrium operating point of the compressor moves from high flow to low flow
(see Figure 2).

The stability of the equilibrium point represented by the intersection between
'VC(O) and WIT(0) has been the topic of numerous studies, due to its importance in the
safe, high performance operation of gas turbine engines. In our model, the system
state under unsteady, possibly non-axisymmetric (i.e. circumferentially varying)

conditions is characterized by three terms: the annulus averaged pressure rise
delivered by the compressor, W, the annulus averaged flow coeffident, 0, and the
spatially distributed perturbation on i, denoted SO:

S= + w (3)
where il is the nondimensional axial position in the compressor (the origin is chosen
to be at the compressor face), 0 is the circumferential position, and v is non-
dimensional time (in rotor revolutions).

Note that evaluation of Vc and VT must now be conducted more carefully
due to the unsteady and non-axisymmetric character of the flow: 'Vc is evaluated at
TV= 0 (the compressor face), and varies with both t and 0 - Le. we evaluate
VC(O + &W(O,O,,r) ). Thus the compressor is viewed as a distributed memoryless
nonlinearity operating on the local flow coefficient. On the other hand, due to the

3



nature of the downstream flowfield, VT can be evaluated for the annulus averaged

flow; th.s the pressure loss across the throttle is simply Tr(<").

One additional variable must be introduced in order to set up the system of
equations. The upstream flowfield, being two dimensional, admits both axial 3
velocity perturbations (&0) and circumferential velocity perturbations. Father than

introduce a circumferential velocity variable, we will introduce the perturbation

velocity potential 50, such that

8= and 8 = 5(circ. vel.). (4)
GT e m

We will see that 80 can ultimately be eliminated from the equations, along with all
of the partial derivatives with respect to space, leaving an operator-theoretic

ordinary-differential relationship.

This discussion serves only to introduce the relevant states of the system.

Derivation of a model for the dynamics of the compression system is presented in I
other documents, and is beyond the scope of this paper. Our purpose is to present

the model in a format which is coherent and accessible from a control theoretic point 3
of view, and to discuss the dynamic implications of the model. Thus we present the

dynamics without further derivation, referring the interested reader to the relevant

literature [5,6,7,10,16].

1) For the upstream flow field we assume no incoming vorticity (dean inlet 3
conditions) and thus the flow in this region is potential:

V2 80 = 0 Ts < 0. (5) n
2) The annulus average (a.a.) pressure rise across the compressor lags behind that
imposed by the throttle characteristic, due to mass storage in the downstream
ducting and plenum chamber:

=__ T1=0. (6)

3) The a.a. flow coefficient changes to try to balance the difference between the a.a.
pressure rise delivered by the compressor and the a.a. pressure rise that actually
exists across the compressor (in unsteady situations these can be different):

= +~4)]a -'I) 0. (7)1

4) Finally, the non-axisymmetric (n.a.) part of the pressure rise delivered by the
compressor acts to accelerate the flow through the rotor and stator passages, where
part of this acceleration is due to the rotor moving through a non-uniform flow
perturbation (this is represented by the presence of a partial with respect to 0):

ma(") +.L-8-+ I +&8)iI tp=0. (8)

4 I
1



5) Definitions: Ic, B, m, g, X are scalar geometric parameters defined in [161, 4( -) is

the inverse of WT, and the definitions of the a.a. and n.a. part take the expected
forms:

_L 2M w~e and
[VC]a.a. =.1: d

(9)
[VClita.= 'VC -I'•Ca.a.

note that only through the nonlinearity of Vc are the axisymmetric and the non-

axisymmetric dynamics coupled. Furthermore, if the n.a. dynamics (rotating stall)

dynamics are fast compared to the a.a. (surge) dynamics, then it is reasonable when

studying surge to represent the system using only the a.a. part, provided the

compressor characteristic is properly modified to reflect the effect of instability of the nma.

part. Such modification foi high-efficiency, multi-stage, high hub/tip axial

compressors will invariably lead to an a.a. characteristic which is discontinuous and

has a hysteresis loop (as in [7]).
The system of equations (5-8) is a coupled set of partial differential equations,

in which two space dimensions and time are present. For clean inlet flow

conditions, however, the space dimensions can be eliminated by introducing the

solution for the upstream velocity potential as follows:

80= 0. (10)
n*O

This solution satisfies Laplace's equation, and the other boundary conditions of clean

inlet flow experiments as described in [10]. Using Equation (4), we can also write a

solution for go in the upstream flowfield:
:E ý, •('•eirtel" n I 1<50, (1

n = -•
n*0

where z) - I•(*). These relationships allow 8, to be eliminated from the system,

and Equation (8) to be written

++ ++ Xn"4 [VdR + 8nOa.(1)
- ~no

where the need for partials has been eliminated, and 4n(t) is the nth spatial Fourier

coefficient of the axial velocity perturbation at the compressor face (TI=O).

Introduction of the Fourier series solutions to eliminate spatial derivatives is a

well-known method for handling distributed systems. The modal (or 'spectral')

form of the equations allows linear control techniques to be applied. This approach

5



I
has proven successful in laboratory stabilization of rotating stall [10,111. To study
the effects of nonlinearity on the system, an operator-theoretic form is often more

useful. By substituting the Fourier transform definition of •, into (12), we can write

the system (6-8) as follows:

Vg 0 -1 0 V 41,B 0c0

0 0 0 (13)

41B 11 ['WC( A~a.a. ~ .(3

E(4) 0 0 A(.) So 0o LC( -)na. s o

where: 1

E() n ~).()

- (+ T (.)-ein(O )dý =+"((f L{• (14)n=

and

A(. )=f-(Xn.f(.)) 3
n . 2Xye'-in(9-)d .(15)

E and A are linear operators which represent spectrally the effect of the upstream

flowfield, as well as allowing derivatives with respect to 0 and 1i to be evaluated.

The linear and nonlinear parts of Equation (13) have been separated for illustrative

purposes, but the equations are clearly in the desired form, i.e. A = F(x).

Equations (13) can be further recast into a number of different forms, 1

depending on the application, by repeated application of the Fourier transform and

its inverse. For instance, we have implemented an update equation for E(&1 ) in our 3
simulation, and then used the proper Fourier relationships to recover So. It is also

possible, by choosing appropriate state variables, to reduce the system to one I
involving convolution with influence functions in the circumferential variable 0, and

thus eliminate the summations over n. Finally, discetization of 80 in 0 and

substitution of matrix Fourier transformations in place of summations and integrals

allows the system to be written as a finite-dimensional state-space system, with good

numerical properties for simulation and contrui work [101 3
6 S1I



The purpose of this section was to introduce the Moore-Greitzer model in a
form which is useful to control theorists. Simplification of the model to state-space

form, as well as approximations such as the surge-only and rotating-stall only

approximations, can be made with (13) as a starting point. Because of the

assumptions on the upstream flowfield, the partial-differential nature of the original

system of equations has been eliminated, and the dependence on axial position has

been 'solved out' of the system, leaving a simpler set of equations.

i Refinement of the above model to include the effects of unsteadiness on the

compressor characteristic has been conducted by Hendricks et. al. (181, for the

linearized system. Their refinement recognizes that the compressor characteristic is

not in reality a memoryless nonlinearity. They show that the lags inherent in the

compressor pressure-rise response have a strong effect on both the damping and the

Irotation frequency of pre-stall waves. A.hough t- axification is not vet available

in the nonlinear simulation used here, an approximation has been implemented
which allows the damping effect of unsteadiness to be taken into account. We will

show in the next section that w'th this modification, and with an adjustment of X to

account for the rotation frequency change, a nonlinear simulation of Equation (13]

accurately models stall inception in experimental low-speed axial compressors.

3 Comparisga of Simulated and Exerimr.Dtal Stall Inception

I The nonlinear functions VC and WT in (13) govern both the stall inception and

the fully developed stall behavior. Fully developed stall behavior has been treated

by other researchers, and for the purpose of stabilization, it is the character and

subsequent avoidance of stall inception that is of primary interest. Thus we will

concentrate here on the effect of VC and WT on nonlinear stall inception behavior,

I showing both experimental and theoretical results.

Stall inception - that is, transition from axisymmetric flow to fully developed

stall - is of interest because only during this transition process are two important

criteria met by the flow field: 1) relatively small axial flow perturbations 2) strong

influence of the nonlineazities. Meeting the first criterion is important to insure that
the assumptions inherent in the model described above and in [7] are reasonable.
Specifically, the "semi-actuator disk" assumption used to simplify the representation

I of the flow acros the compressor is a more severe approximation during fully

developed stall than during pre-stall and stall-inception conditoons [15]. Restricting

the model validation to waves of small amplitude relative to fully developed stall
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I
does not pose a problem to control law development, because presumably any

working ccitroller would stabilize the system and avoid the fully-developed stall
condition.The second criterion mentioned above is important in the present study I

because understanding and accurately modeling nonlinear stall inception behavior
is our goal. In some compressors, over a certain range of flow coefficients,
linearization of the dynamics in (13) is a workable approach [3]. However, to further
extend the operating range of these compressors, and to control compressors in
which nonlinearities are more severe, we must understand the nonlinear behavior.
Although fully developed stall is a nonlinear phenomenon, it violates our first
criterion. Thus we are left with stall inception, where nonlinear effects are beginning 1
to influence the behavior, but the flow perturbations across the compressor are still
relatively small.

Our approach in the'present study is to carefully model three experimental,
low speed compressors which have different stall inception behaviors. For
convenience we will label these compressors C1, C2, and C3. The details of the
experimental setup for each compressor are described in references [3), [181, and (19]
respectively. The geometric details of the compressors (those necessary to perform1
the simulation) are presented in Tdbles I and UI, and the compressor and throttle
characteristics are shown in Figures 3,4, and 5. Note the following deviations from 3
strict physical interpretation of the model parameters:

1) The Greitzer 'B' parameter [5] is set to 0.1 in the experimental compressors - this 3
represents in all cases a 'worst case' maximum. Even using this maximum, the
surge dynamics are very stable for the experiments we will present; thus we
have for Equations (6,7)

(16)
4F7 [1IWC + 80)a.a. I

Le. the mean flow will follow the throttle characteristic very closely in these
experiments .-5

2) The unsteady loss parameter is set to 0.3 in all three compressors. A priori
prediction of this parameter is difficult (18], so we have chosen to use an
approximate value which is the same for all three compressors. The value I
chosen is roughly the non-dimensional convection time across one blade row(which happens to be approximately the same in all three compressors).

3) Two simulations will be presented for each compressor. The first will use the
geometrically determined value of X, and the second will uses an 'effective X',

I



which has been adjusted to account for the rotation frequency change caused by
unsteady losses. Since only the damping effect of unsteady losses are currently
modeled in the simulation, this approach is deemed appropriate (see (20]). %. is
the only parameter (in the simple version of the model presented here) which
can be used to change the frequency of rotating stall - modeling other effects
(which do in fact increase the rotating stall frequency) would require additional
dynamics in the simulation.

In order to determine the compressor characteristics in Figures 3-5, the
following procedure was followed: First, the experimental data for each compressor
was fit with polynomial segments. The experimental data extends only to the mark
'X' on each figure, because beyond this point the compressor is unstable and does
not operate axisymmetrically. The region between. the 'X' and the 'O° marks on these
figures is the actively stabil"zed region of operation. Compressors C1 and C2 have
had their stable operating range augmented through active control. This allows us
to more fully characterize the compressor characteristic in a very important region
for this study; when the active control is switched off in these compressors,
nonlinear stall inception proceeds from the operating point 'O', and the region
between the '0' and the 'X' is the first region accessed by transient velocity
perturbations.

The next step in determining Vc is to utilize the simulation to qualitatively
iterate on the correct shape for its unstable part. This trial-and-error procedure is
necessary because no directly measured data for VC exist in this unstable region.
Our hypothesis is that stall inception provides a measure of the effects of Cc which is
distinct enough to allow the deduction of the shape of VC beyond the measurable
range. Such deduction requires an understanding of the impact of various 'shape
parameters' for Vc on stall inception behavior. Implicit in this approach is the
assumption, which we will verify through application, that the character and
qualitative features of the stall inception process are driven primarily by the
nonlinearities, and that informed choices for the shape of the unstable side of the
characteristic can be made which allow the qualitative stall inception features to be
simulated.

Several features of the shape of the unknown part of vC are shared by most

compressors, so these provide a general framework within which to search.
Pressure rise generally reaches a maximum at some flow coefficient, dropping off
below this flow value due to separation and other loss-producing factors at low
flows. During reverse flow (negative 34), however, pressure rise becomes roughly
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1
quadratic and increasing, because the compressor looks roughly like a throttle to

reverse flow. The details of the drop in pressure rise below the peak, the depth of I
the low-pressure-rise region between zero flow and the peak, and the steepness of

WC for negative flow values are the parameters which are adjusted to attempt to 3
match the experimental stall inception behavior.

For our purposes, the most important feature of WC is its shape near the peak

-specifically its steepness on the unstable (low flow side) compared to the stable
(high flow) side of the peak. Compressor C1 is steeper on the stable side than the

unstable side over a large range of flow coefficients. Compressor C2 is roughly
symmetrical about its peak, ,and compressor C3 has a steeper slope on the unstable

side. (See Figures (3-5)). This qualitative observation may be made conceptually 3
precise by specifying the sign of the leading coefficient of a cubic polynomial fit to

the peak of the characteristic:
'VC(O) = AO3 +B 2 +CO +D (17)

With this description of the peak, C1 would have A<O, C2 would have A=O and C3 would

have A>O. I
Differences in the shape of 'c near its peak are used to account for the

observed differences in stall inception behavior. The other features mentioned
above are chosen so that the simulation gives roughly the measured magnitude and

depth of the fully developed stall cell; these are less important for stall inception 3
than the conditions around the peak, at which stall inception occurs.

Figures 3-5 also show the transient of the annulus-averaged operating point

during the transition into rotating stall. Note that the annulus-averaged compressor
no longer operates on the axisymmetric characteristic - although the local flow does.

Since most compressors are tested using only annulus averaged measurements, their 3
measured characteristics cannot be considered as the axisymmetric (local) characteristic

for use in 2-D simulations. Conversely, when one studies the 1-D dynamics of a

compression system, the axisymmetric characteristic should not be uied: The 1-D
dynamic system sees the I-D (annulus averaged) effect of rotating stall, so this effect

should be modeled by using the annulus-averaged compressor characteristic, which, I
for the compressors tested here, is a discontinuous, dual-valued function (due to

hysteresis in rotating stall recovery). I
The unstable parts of the compressor characteristics presented in Figures 3-5

are the results of our search, in each case, for the shape of 'c beyond the peak that
allows the simulation to best mimic the experimentally observed stall inception

I



behavior. The 'best fits' to the transient data obtained in this way are shown in

Figures 6, 7, and 8. In all cases the salient features are similar between the

experiment and simulation, although the three compressors have very different stall

inception behavior. Compressor C1 has a very long, slow growth of perturbation

waves into rotating stall. Compressor C2, on the other hand, has relatively small

perturbation waves, followed by a sharp inception wave which leads quickly into

fully developed rotating stall. Compressor C3 is even more severe in this regard:

nonlinear influences are seen while the waves are still quite small, and the stall wave

grows extremely quickly into violently a nonlinear event.

It is clear from Figures 6-8 that during stall inception (and even during fully

developed stall) the proper choice of the shape of Vc can allow experimental

observations to be closely modeled by the Moore-Greitzer model. It is also clear that

without the adjustment of X, the model is only qualitatively correct; the rotation

frequency is not well predicted by the basic model presented in Equation (13). The

explanation for this behavior is given by Hendricks et. al. [18] for the linearized case;

extension of the nonlinear model to include the unsteady loss effects they discuss (as

well as other effects, such as swirl sensitivity and deviation) is here approxrmated by

increasing X so that the rotation frequencies match. With this adjustment (which we

feel is justified due to its basis in the extended model [181,[20]), the ability of the
simulation to capture the nonlinear stall inception behavior is remarkable for

compressors C1 and C2. The discrepancies in C3 will be discussed in the next

section.

J~Iian

To understand the influence of WC on stall inception, consider a sinusoidal

velocity perturbation being mapped through a compressor. characteristic, shown in

Figure 9. Here it is clear that at the peak of the characteristic, a linear representation

of is rarely sufficient; the slope of the characteristic is near zero, so higher order

derivatives become importanL The high velocity portion of the wave experiences

attenuating pressure forces, because it accesses the stable side of the characteristic,

while the low flow side experiences destabilizing pressure forces. Because of the

interaction caused by partials with respect to 9 and t (Equation 8), the pressure rise

does not act alone to accelerat, the flow. Instead there is an 'integrating action' of,
for instance, the first sinusoidal harmonic. If the integral effect of the positive and

negative parts of the characteristic causes a net r ttenuating effect, then the wave will
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die away (or converge to a small amplitude limit cycle). If the integral effect is I
amplifying, the wave will continue to grow, with a speed which depends at each
instant on the wave shape and its mapping through Wc.c

The two extremes of this general behavior are: 1) extremely gradual
characteristics, whose behavior can be adequately characterized using a linearized
analysis (with the proper choice of slope), and 2) characteristics which have very
abrupt changes in slope. In the latter case (when the unstable side is much steeper
(A>O), as in Figure 9), a sharp drop in pressure rise is experienced by the low-flow
part of the wave (if it is large enough to access the sharp change in slope). This
pressure drop overrides other influences and causes a quick, localized deceleration of
the flow (as in Figure 8). The drop in flow further reduces the overall pressure rise
delivered by the compressor, which moves the mean operating point towards lower
values (in order to satisfy the throttle characteristic, Equation 16). The system is
thus 'dragged' into rotating stall at a rate which is premature when viewed from a
linearized standpoint. In fact, with the proper initial condition, some compressor
models can go into stall while they are at annulus-averaged operating points which
are still 'stable' in the linearized sense. In these cases, the domain of attraction of theI
operating point has become very small, because of the existence of a nearby abrupt
change in the nonlinear mapping Wc. 3

Of somewhat secondary importance to the stall inception behavior is the
slope of the throttle characteristic, WT. If WT is steep at the nominal operating point
(G/3R/,' large), the annulus-averaged flow coefficient is insensitive to changes in the I
pressure rise delivered by VC. This is the case in C1 (Figure 6), in which the throttle
discharges to a plenum below atmospheric pressure, so the throttle line is very steep
during stall initiation. This, combined with the shape of WC, accounts for the slow
transient into rotating stall. 3

When VT is shallow (Q-/r/; small), on the other hand, the nonlinearity of WCV

couples more immediately into changes in the mean flow as follows: 'V maps '
energy from higher harmonics into the zeroth harmonic (this effect is represented by
the function [vC(4 + 8)Ia.a., and can be seen in Figure 9). This causes a loss in
annulus-averaged pressure rise, which must be accompanied by a relatively large I
drop in j, if VT is shallow (see Equation (18)). Thus the rate at which the system is
'dragged' into rotating stall depends in part on the slope of WT. Compressor C3 is
the best example of this type of behavior - the transient from stall inception to fully
developed stall is well under one rotor revolution, partially because of the shape ofIVTI
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Figure 8 indicates that there is a bigger discrepancy between the simulated
and the measured stall inception behavior for compressor C3 than for C1 and C2.

Several factors contribute to this discrepancy. Most important is the effect of non-

axial flow on the measurements. Hot-wire anemometers are used to measure the

flow velocity in the experiments; these devices effectively measure the absolute value

of axial plus radial flow perturbations. In the C3 experiment, the hot wires are
mounted very close to the compressor face (rj = 0), where significant non-axial and

reverse flow perturbations exist. In the C1 and C2 experiments, on the other hand,

the hot wires are mounted further upstream of the compressor (1 = -0.5 and 71 = -0.2
respectively) where the measured perturbations are primarily axial; a 'fluid dynamic

filter' exists (Equation (11)) which smoothes out the internal flow details, allowing

the more global influences (those modeled by Moore-Greitzer) to be observed.
The philosophy that modeling global effects is sufficient for studying

transient rotating stall behavior is not universally applicable in low-speed axial

compressors. Day (19] has measured stall inception behavior which must be
observed in detail to be fully understood. In such cases, the Moore-Greitzer model

requires further refinement; radial flow effects as well as secondary flows may need
to be at least partially accounted for to properly model these stall phenomena.

Including these effects would make the model 3-dimensional (radial variations not

ignored) instead of 2-dimensional, and increase their complexity considerably.

Another important conclusion that one can draw from the results presented
here is that nonlinear effects, when they are important, often manifest themselves as

high spatial frequencies in the stall transients. In both C2 and C3, the rotating stall

precursor wave starts as a sinusoidal wave (first spatial harmonic). During stall

inception, however, significant spatial harmonic content above the first harmonic
exists in the wave shape as it transitions into rotating stall. Figure 9 is an example of

how this comes about - it shows a first harmonic perturbation &t being transformed

into a 2nd harmonic acceleration term 8V. Figure 10 shows the result - during stall

inception, what began as a 1st harmonic perturbation becomes a multi-harmonic

perturbation, eventually transitioning again to a 1st-harmonic dominated fully

developed stall cell. This complex behavior may indicate that approximations which

model only the first spatial harmonic (Galerkin approximation, [7]) do not capture

the important nonlinear effects at stall inception accurately enough to allow realistic

control law design.
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A nonlinear, control-theoretic form for the Moore-Greitzer model has been I
presented. This form is sufficient to accurately model nonlinear stall-inception
behavior provided a) the unstable part of the compressor characteristic is properly
adjusted, and b) the effects of unsteadiness on the pressure rise delivered by the
compressor are included (either theoretically, as in (18], or approximately, which 3
involves adjusting the inertia parmeter X). Stall inception, rather than fully
developed stall, is used as a means to verify the Moore-Greitzer model of rotating
stall. The effects of the shape of the pressure rise characteristic have been elucidated I
through evaluation and comparison of experimental and simulation results. The
most important conclusions are: I

a) The steepness of the characteristic on its unstable side compared to its stable
side determines, to a large extent, the character of stall inception.

b) second and higher harmonics often interact strongly with the first harmonic
during stall inception.3
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Table I - Compressor Model Parameters

C1 C2 C3
U (speed at mean wheel radius) 73 m/s 72 m/s 36 m/s
R (wheel radius) 0.259 m 0.287 m 0.686 m
0 at stall inception 0.433, 0.445 0.467 0.433
KT at stall inception 8.1,8.6 9.38 6.25
1c 8.0 6.66 4.75

B' 0.1 0.1 0.1
m 2 2 2

9 0.65 1.29 0.42
x 0.18 0.68 0.25
.eff (see [20], adjusted to m' tch frequencies) 0.48 0.95 0.4

measurement position '1 = -0.5 11 = -0.2 11 = 0

nondim. convection tune (used for 0.3 0.3 0.3
unsteady ioss approximation)

Table 11 - Compressor Characteristics
C1:

1.9753.02 - 0.098765.0 + 0.051235 ; 00.025
'V;C() = -12.776.03 + 6.3946.42 - 0.29577.0 + 0.053597 ; 0.025 < 0:< 0.30

_-5.&W.04 + 7.7202-03-4.2045.,2 + 1.1276-4 + 0.071953 ; > 0.30

C2-
12.117.2 - 2.42350 + 0.22117 ; 0<0.1

'Vc(O) = -49.624a*3 + 39.509.2 - 6.4130.0 +0.39584 ; 0.1 < 0• 0.40
-10.0695.€2 + 9.4301.0 - 1.1848 ; *> 0.40

4.02- 2-0 + 0.5 ; 050.25
-143.14-€3 + 143.0442 - 44.683.0 +4.7172 ; 0.25 <0 :0.405

{ -13A654. 2 + 11.574. - 1.9206 0.405 <*<0.4638

-5.4283.*2 + 4.2112.0 - A.21325 ; * > 0.4638
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stall inception in compressors C1, C2, and C3. Transients of annulus
average (a.a.) pressure vs. flow during stall inception are also shown.
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Active Control of Rotating Stall in a
Low Speed Axial Compressor
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Gas Turbine Laboratory
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ABSTRACT AIG'V IGV inertia parameter
p density

The onset of rotating stall has been delayed in a low speed. local flow coefficient (axial velocity/U)
singl-stage, axial research compressor using active feedback controil. 9 area averaged flow coefficient
Control was implemented using a circumferential array of hot Wires Wcompressor pressure rise (P-PT) I (pUr2)
to sense rotating waves of axial velocity upstream of the compressor.
Circurnferentially travelling waves were then generated with Sbcit
appropriate phase and amplitude by "wiggling" inlet guide vanes n 'bc~u tieeta Fourier mode
driven by individual actuators The control scheme considered the R real puts of complex quantity
wave pattern in terms of the individual spatial Fourier coponents. Iirmaginary pans of complex quantity

* A simple proportional control law was implemuented for each
harmonic. Control of the first spatial harmonic yielded an I11% INTRODUCTION
decrease in the stalling mass flow, while control of the frnt and
second harmonics together reduced the stalling mass flow by 20%.Axacopesraesuet owodsncardyac
The control system was also used to measure the sine wave response insabifltie, rotating stall aind sturge, which can severely limit
of the compressor, which behaved as would be expected for a second compressoir performiance. Rotating stall is characterized by a wave
order system. travelling about the circumfference of the machine, surge by a

basically one-dimensional fluctuation in mass flow through the* NOMENCLATURE mrachine. Whether these phenomena are viewed as distinct (rotating
stall is local to the blade rows and dependent only on the compressor,

Cn complex spatial Fourier coefficient (Eq. (5)) while surge involves the entire pumping system - compiressr,
[CV inlet guide vane ducting, plenums, and throttle) or as related (both ame natu ii modes
n mode number of the comiptession system with surge corresponding to the zeroth

* P static pressure order mode), they genierailly cannot be tolerated during compressor.
PT ttlpresur operation. Both rotating stall and surge reduce the presure rise in -

Rn contoler gain (Rd -lJ Mu dhe machine, cause rapi heating of thec blades and can induce severe
mehanicaldisotres apprah to the problem of compressor flow

t meno mprienssor blade speed) field itamalmesti has been to incorporiate various feantres; in the
Vk axia veociprssi meafsurement(qd() aerodynamic design of dhe compressor to increase the stable

coaxiolvlerit cmpexaiuemnt and .phase oprating frangle. Balanced stage loading and casing treatment are
IZn conotoller phaslex forin amodhae (~-examples oifdesign featur tha fal into this category. More

on cnroler pase or nth mde ( aeV41)dy, techniques have been developed that are based on moving
7 ) petaggrbe qangley the operating point close to the surge line when stfrge does nox

c0proturfet!quntity threaten. and then quickly increasing the mrargin when required..
9 cicumerenialcoorinmeither in an open or closed loop manner. The open loop techniques

X ~ rotor intertia parameter are based on observation. supported by many years of experiece.m
rtorx + satmor inertia parameter that compressor stability is strongly influeniced by inlet distortios

and by pressure transients causedl by aupoentor ignition and, in rani.
Current Address: Whittle Laboratory, Cambridge University. that inlet distortion can be conrrlaed with aircraft angle of attack and

*Cambridge, Engluan yaw angle. Thus. -signifficanlt gains have been realized by coupling

Pvebented at the Internati"nal Gas TUAes. sind Aercengtne Congress and Exciilooatt
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the aircraft flight control and engine fuel control so that engine compressor. If the wave decays (i.e. its damping is greater than 3
operating point is continually adjusted to yield the minimum stall zero), then the flow in the compressor is stable. If the wave grows
margin required at each insuntaneous flight condition (Yonke et al, (wave damping negative), the flow in the compressor is unstable.
1987). Thus. wave growth and compressor flow stability are equivalent in

Closed loop stall avoidance has also been investigate.A In this view. I
these studies, sensors in the compressor were used to determine the One prediction of this model that is useful for present
onset of roting stall by measuring the level of unsteadiness. When purposes is that totating waves should be present at low amplitude
stall onset was detected, the control system moved the operating prior to stall. McDougall (1988, 1989) has identified these waves in
point to higher mass flow, away from the stall line (Ludwig and a low speed, single-stage compressor, and Gamier. ct al (1990) U
Nenni, 1980). While showing some effectiveness at low operating observed them in both a single and a three-stage low speed
speeds, this effort was constrained by limited warning time from the compressor, and in a three-stage high speed compressor. The waves
sensors and limited control authority available to move the were often evident long (ten to one hundred rotor revolutions) before
compressor operating point. .. stall. It was found that the waves grew smoothly into rotating stall,

This paper presents the initial results of an alternative and without large discontinuities in phase or amplitude, and that the wave I
fundamentally different means for attacking the problem posed by growth rate agreed with the theory of Moom and Greitzer (1986).
rotating stall. Here, we iwcrease the stable flow range of an axial Further, the measurements showed how the wave damping, and thus
compressor by using closed loop control to damp the unsteady the instantaneous compressor stability, could be extracted from real
perturbations which lead to rotating stall. In contast to previous time measurements of the rotating waves. U
work, this dynamic stabilization concept incrases the stable In 1989, Epstein, Ffowcs Williams, and Greit=er suggested

operating range of the compressor by moving the stall point to lower that active control could be used to artificially damp these rotating
mass flows, as illustrated conceptually in Fig. 1. There appear to be waves when at low amplitude. If. as the theory implies, rotating stall
at least two advantages of this new technique. One is that engine can be viewed as the matur form of the rotating disturbance, I
power always remains high with dynamic stabilization while power damping of the waves would prevent roting stall from developing,
must be cut back with stall avoidance (often at critical points in the thus moving the point of instability onset as in Fig. 1. It was
flight envelope). A second advantage is that the gain in operating proposed that the compressor stability could be augmented by
range can be potentially greater. In the following sections, we briefly creating a travelling disturbance with phase and amplitude based on
describe those elements in the the theory of compressor stability that real time measurement of the incipient instability waves. This paper
are relevant to active stability enhancement, discuss the design of the presents an experimental investigation of this idea.
experimental apparatus. and present the experimental results. The basic concept is to measure the wave pattern in a

compressor and generate a ci:rcumfrenidally propagating disturbance
Concetual View of Comnremor Stability based on those metsurements so as to damp the growth of the 3
and Active Stall Cnntrol naturally occurring waves. In the particular implemerltation

We consider rotating stall to be one of the class of natural described herein, shown schematically in Fig. 2, individual vanes in
instabilities of the compression system, as analyzed for example by an upstream blade row are "wiggled" to create the travelling wave
Moore and Greizer (1986) for low-speed machines of high hub-to- velocity disturbance. The flow which the upstream sensors and the
tip radius ratio. Their model predicts that the stability of the downstram blade rows see is a combination of both the naturally
compressor is tied to the growth of an (initially small amplitude) occurring instability waves and the imposed control disturbances.
wav'e of axial velocity which travels about the circumference of the As such, the combination of compressor and controller is a different

machine than the original compressor -with different dynamic
behavior and different stability. I

Region Surge Line At this point, it is appropriate to present the rotating stall
Stabilized With Control model and connect it with the idea of control. Here. it is the sructure

With Active of the model that is most important rather than the fluid mechanic

Control A Actively Stabilized details. Since the structure provides a framework for design of the
control system, the quanitative detils can be derived by fitting/. • .+ Operating Point experimental data to the model.

A BThe existing models for rotating stall inception in multi-row

Performance
"" Improvement Vnlet Guiee

*A Vanes

p' 0 ratin Point
0Without Controla) ce

0.. L..~ ~QCmpressr g
Surge Una Constant -

Without Control Speed Line a X

Veokfty at circullation Velocity FieN
Compressor Inlet CMn Due to

Mass Flow (sotion II
Fig. 1: The intent of active compressor stabilization is to move the Fig. 2: Conceptual control scheme using *wiggly" inlet guide vanessurge line to lower mass flow to generate circumfenmdal travelling waves
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axial compressors are typified by an equation for the velocity and appropriate real valued states.
pressure perturbations of the form The second order model of compressor behavior is useful for

two reasons. First, it can be tested expenmendally in a
5Pcomptesscr - 8PFTcmpnm= straightforward manner. Second. it provides both a conceptual

exit.ei r ) L& a_0 III qualitative framework about which to design a control system (i.e.
Sinle - the stabilization of a second order system) and, given the results of
p 2 the experimental test, the quantitative inputs required to do the conrol

system design.

Here, SP and 8PT are the static and total pressure perturbations

respectively, 8 is the non-dimensional axial velocity perturbation, 7. EXPERIMENTAL APPARATUS
and gs are non-dimensional parameters reflecting the fluid inertia in
stator and rotor pasges respectively, (dyl/di) is the slope of the A 0.52 meter diameter, single.stage low speed research
non-dimensional compressor characteristic, and t is a non- compressor was selected as a test vehicle due to its relative
dimensional time, = tU/r. Equation (1) has been shown in several simplicity. The general mechanical construction of the machine was
publications (e.g. Hynes and Greitzer, 1987: Longley, 1988) and we described by Lee and Greimer (1988). and the geomeu-y of the build
will no, present its development here. The equation is an expression studied here is given in Table 1. The apparatus can be considered to
of the matching conditions (across the compressor) for flowfields consist of four sections: the compressor (described above),
upstream and downstream of the compressor and, as such, upstream instrumentation for wave sensing. actuators for wave launching, and
and downstream flow field descriptions are needed to be able to find a signal processor (controller). The design of the last three
a solution. components is discussed below.

Using these, Longley (1990) has shown that one can put Eq.
(1) in a wave operator form. For the nth spatial Fourier coefficient, TABLE I
this is SINGLE-STAGE COMPRESSOR GEOMETRY

(2 T L'ip Diameter 0.597 m
Hub-to-Tip Ratio 0.75
Axial Mach No. 0.10

The left-hand side of Eq. (2) is a convective operator corresponding Operating Speed 2700 RPM

to circumferential propagation with velocity %1(2/(lnl + g)). (rotor t
speed). In addition, the growth rate of the wave is dependent on the Me Line Stagger 0 350 22.5

slope of the compressor characteristic. If (dj'dio) is positive the MeanLe ange 0 35 250

waves grow, if negative they decay. Neutral stability (wave SolCdity 0.6 2 1

travelling with constant amplitude) occurs at (tV/do) = 0. Spedty 0.6 2 1

We can cast Eq. (2) in a form that is moe useful for control Aspect Ratio 0.9 2.0 1.9
by considering a purely propagating disturbance. The first Fourier
mode will be of the form 0i. so Eq. (2) can be written as The sensors used in the present investigation are eight hot

( aso+[i~k ýdl = 0 0 wires evenly spaced about the circumference of the compressor, 0.5
(2 + g) (3) compressor radii upstresm of the rotor leading edge. The wires were

• Lt~d4 positioned at midspan and oriented so as to measure axial velocity.
Hot wires where chosen because their high sensitivity and frequency

Thus far, the equations presented have been for flow associated with response ane well suited to low speed compressors. The sensors
uncontrolled compressor dynamics. If, in addition, we model the were positioned relatively far upstream so that the higher harmonic
control as due to pemubations in IGV stagger, ft, we obtain the components of the disturbances generated by the compressor would
following equation for the first Fourier mode: be filtered (the decay rate is like e-n0/r where n is the harmonic

number). This reduced the likelihood of spatial aliasing of the signal.
Witheigh senorsthe hasemid mpliude fltefrst three:distur-

(2 + ; •)+Ii(L 8* +f ia _ M( ;L 5I ban]ce harmonics may be obained. The outputs of the anemometers
were filtered with four pole Bessel filters with a cutoff finquency of
22 times rotor rotation. The axial location of ft sensors is important

.iilGV (1+• PLGVaY)=0 ` (4) in determining the signal to oise ratio (SNR) of the rotating wave
"2 "t measurements; this question was studied by Gamier e a• . (1990).

who showed the SNR to be greauest upstream of the stage..
what i'is the axisymmet (annulus averaged) nTow coefficient, There ar many ways to generate the required travelling
where isi the fluidyinertia (aramet saverafo ed)tflow coefficientwaves in an axial compressor. Techniques involving oscillating theIlIGV is the fluid inertia parameter for the IGV's, and (•/•T)c~ ae wt silaigfasjtfasgeprsens te • u wesu•ris obainale rom chnge in inlet guide vane (10V's)' vanes with oscillating flaps, jet flaps,
represents the if rerital pressure rise obtainable fom a change in peripheral arrays of jets or suction pors, tip bleed above the rotor,
IGV stagger, .'. whirling the entire rotor, and acoustic arrays were all considered on

This is formally a first order equation for 4, however it the basis of effectiveness, compexity, cost, and uchnical risk. For
must be remembered that the quantity of interest is the real part of this initial demonstmtion in a low speed compressor, oscillating the
64. If we express &8 in terms of its real and imaginary parts, & = IG-s was chosen on the basis of minimum technical risk.
8h + i%, then Eq. (4), which is a coupled pair of first order Considerable care was taken in design of the actuation system
equations for % and ia*, becomes mathematically equivalent to a to maximize effetiveness and minimize complexity and cost. An
second order equation for %4't. The form thus used in the system unsteady singularity method calculation of the potential flow about a
identification discussed below is thus second order. Another way to casade was cried out first to evaluate tradeofts between blade
state this is that a first order equation with a complex (or prme angle of attack and flow turning angles versus cascade solidity,
imaginary) pole is equivalent to a second order system in the fraction of the cascade actuated, and aifouil aspect rano (Silkowski.
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12-0 Servo
motor!

Rotor - Stator

• Flow
Not Wire IG V

5Fig. 4: Compressor flow path 30
050 100

Percent of Blades Moved complete control loop consisted of the following steps. First, the
sensor signals are digitied. Then, a discrete Fourier transform is

Fig. 3: Calculated blade stagger angle change required to generate a taken of the eight sensor readings. The first and/or second discrete I
given first harmonic axial velocity perturbation as a function Fourier coefficients are then multiplied by the (predetermined)
of the fraction of the blade row actuated complex feedback gains for that mode. Next, an inverse Fourier

transform is taken which converts the modal feedback signals into
individual blade commands. These, in turn, are then sent to the II

1990). The unsteady flow was examined since, although the reduced individual digital motor controllers. Additional housekeeping is also

frequency of the IGV airfoil relative to rotating stall is about 0.3 for performed to store information for post-test analysis, limit the motor
the first harmonic, several harmonics may be of interest. currems and excusions (for mechanical protection), and correct for
Calculations were also performed to evaluate the relative any accumulated digita errors. I
effectiveness of bang-bang actuation versus continuous airfoil The controller hardware selection is set by CPU speed
positioning. As an example of these actuation studies, the tradeoff requirements (main rotating stall control loop and individual blade
between the peak airfoil angle of attack excursion and the fraction of position control loops), Y/O bandwith (sensor signals in, blade
the cascade actuated is shown in Fig. 3. As die fraction of the airfoils positions out, storage for post-tes; analysis), operating system
which is actuated is increased, the angle of attack requirements on overhead, and cost. The final selection was a commercial 20 MHz
individual blades are reduced. 80386 PC with €o-processor. A multiplexed, twelve bit analog to

The limits to blade motion art set by both mechanical digital converter digitized the filtered hot wire outputs. The D.C.
constaints (ite., actuator torque limits) and airfoil boundary layer servo motors were controlled individually by coimriercial digital
separation at large angles of attack. A NACA 65-0009 airfoil section motion control boards. Using position feedback from optical
was chosen due to its good off-angle performance and relatively low encoders on the motors, each motor controller consisted of a digital

moment. The airfoils were cast from low density epoxy to reduce proportional, integral, derivative (PID) controller operating at 2000
their moment of inertia. A coupled steady inviscid-viscous solution Hz. The entire control loop was run at a 500 Hz repetition rate.
of the flow over the blades indicated that the boundary layers would Motor power was provided by 350-wan D.C. servo amplifiers. The I
stay attached at angles of attack up to fifteen degrees (Drela, 1988). complete hardware arrangement is shown in Fig. 6.

In this experiment, blade actuation torque requirements are
set by the airfoil inertia since the aerodynamic fores are small. Both
hydraulic and electric actuators are commercially available with
sufficient rque and frequency response. Hollow core D.C. servo 10 A le
motors were selected because they were considerably less expensive Calculated Flow Angle
than the equivalent hydraulic servos. The blades and motors have -.

roughly equal moments of inertia. 5 Measured Flow Angle
For a given 1GV solidity, the number of actuators required I

can be reduced by increasing dte Wade chord, but this is constrained
by actuator torque and geometric packaging. The final IGV design 0 "
consists of twelve untwisted oscillating airfoils with an aspect ratio of C5
0.9 and a solidity of 0.6 (Fig. 4). The complete actuation system has 5I
a frequency response of 80 Hz (approximately eight times the "- ". .Blade

f undamental rotating stall frequency) at plus or minus ten degrees of "-S Stagger
airfoil yaw. The flow angle distibution measured at the rotwr leading * Angle
edge station (with the rotor removed) for a stationary ten degree -10. ,cosine smaler pattern of the IGVrs is cmpared in Fig. 5 to a 0 120 240 360
prediction of the same flow made by Silkowkid (1990). Circumferential Position (Dog)

The control law implemented for the test described here is a
simple psoporuonality; at each instant in ti, the ndh padal mode of Fig. 5: A comparison of the measured and calculated flow angle
the IOV stagger angle perturbation is set to be directly proportional to generated 0.3 chords downstream by a 10 degree cosine I
the nti mode of the measured local velocity perurbmoon. The stagger pattern distribution of 12 inlet guide vanes
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Fig. 6: Hardware component of actively stabilized axial flow c Mpressor

OPEN LOOP COMPRESSOR RESPONSE this.) Thus, fora compressor operating point near stall, the flow in
the annulus should behave like a lightly damped system, i.e., should

The inputs and outputs that characterize the fluid system of exhibit a resonance peak when driven by an external disturbance. As
interest (the compressor and associated flow in the annular region) with any second order system, the width of the peak is a measure of
are the inlet guide vane angles (inputs) and the axial velocity the damping.
distributon (outputs). In the present configuration this consists of The present apparatus is well suited to establishing the forced
twelve inputs (twelve inlet guide vanes) and eight outputs (eight hot response of the compresor since the individual inlet guide vanes can
wires) so that the system is multiple input-multiple outpuL Because be actuated independently to generate variable frequency travelling
the disturbances of interest ae of small amplitude, the system waves. The sine wave response of the compressor was measured by
behavior can be taken as linear and we can thus express the spatial rotating the ±10 degree sinusoidal IGV angle distribution shown in
distribution of the input and output perturbations (or indeed of any Fig. 5 about the circumference at speeds ranging from 0.05 to 1.75
other of the flow perturbations) as a sum of spatial Fourier of rotor rotational speed. Figure 7 shows the magnitude of the first
components, each with its own phase velocity and damping. This spatial Fourier coefficient, as a percentage of the mean flow
representation, which is consistent with Eq. (2), allows us to oueat the coefficient, as a function of input wave rotation frequency, i.e. the
disturbances on a harmonic-by-harmonic basis, and reduces the the transfer function for the first spatial mode.
input-output relationship to single input-single output terms, an The peak response to the forcing sine wave is seen in Fig. 7
enormous practical simplification. to be at 23% of the rotor rotation frequency. This is close to the

The complex spatial Fourier coefficient for each mode n is frequency observed for the small amplitude waves without forcing
given by - (20%) and for the fully developed rotating stall (19%). This behavior

K-1 supports the view stated previously that the compressor behaves as a

C,=I Vk exP[ "K] (5) second order system.

CLOSED LOOP EXPERIMENTS - ROTATING STALL
where K is the number of senso about the circumference (8 in this STABILIZATION OF THE FIRST FOURIER MODE
case), and Vk is the axial velocity measured at angular position k.
The magnintde of C1 is thus the amplitude of the first harmonic at While the open loop experiments described above are of
any time and its phase is the instantaneous angular position of the interest in elucidating the basic satcure of the disturbance field in the

spatial wave Fourier componeft. - compressor annulus, this work is principally aimed at suppressing

An important concept in the present approach is the rotating stall using closed loop controL To assess this, experiments
connection between rotating stall and travelling wave type of were performed using a control scheme of the form

disturbances in the compressor annulus In this view, the wave [Y1OVth mode - Zn Cc (6)
damping and the compressor damping nre equivalent and determine
whether the flow is stable. At the neutral stability point, the damping where
of disturbances is zero, and close to this point, the damping should Zn z Rn eiln (7)
be small (The measurements given by Gamier, et al. (1990) show

5
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Fig. 7: Measulc open loop response of r e lint spadtial mode of the r )n 1+0.
compressor to a 100 IGV stagger rotating sine wave excitation

inp i~s 6 nlet (71.,G V is the change in inlet ghide vane stagghe

anglec The quanof ty n is the complex feedback gain for the nthFourier mode (n'th spatial harmonic component of the disturbance), •x . • •
with Rn the amplitude and O3n the phase angle between die measured •
axial velocity spatial harmonic (0.5 radii upstream of the rotor) and es10.4
the input inlet guide vane angular position spatial harmonic. The U) •z'il

influenc of feedback amplitude (Rn) and phase (on) were II

established with a set of parametric experiments carried on at a flow
coefficient (0) close to stall, in a region of marginal flow stability. 10"5

Data is shown in Fig. 8 in the form of the power spectral 10.2 10.1 100 101
density (PSD) of the first spatial mode axial velocity disturbance Frequency, Normalized to Rotor Revolutions I
(CI) at two control phase angles (01). 0* and 45*. The operating

point is fixed at a normally stable flow coefficient of * - 0.475 (stall Fig. 8: The influence of proportional feedback control on the power
without control occurs at 0 = 0.430). For each phase, specra are spectral density (PSD) of the first spatial mode of the
shown with feedback control and with no control (vanes stationary at compressor at two feedback phase angles (Al) versus theI
zero flow angle). The rotating disturbance is evident in the stong behavior with fixed IGV's
peaks at 23% of rotor rotation frequency. The height of the peaks is
a measure of the strength of the rotating waves. The scales are
dimensional but all plots am to the same scale so they can b1 10
compared directly. The'difference between the peak heights with no 104control in the two cases is due to finfite sampling time. Le., to

differences in the ambient disturbance levels during the sampling -- 103
period.

At 00 phase angle, the peak at 0.23 frequency is higher with I
active control than with fixed vanes, implying that the feedback 102

control at this phase is amplifying the roating disturbance waves (Le. 0
making them less stable). At 45* phase angle, however, the peak 0 10
with control is lower than that with fixed vanes, implying that control -SI
is attenwating the waves in this case. Thus. the rato of the height of .°
the peak in the PSD with and without control (Le. the wave % 100 ............................................
ampliicadon) is a measure of the effectiveness of the feedback in 0 IL
influencing the travelling wave's stability. The influence of controller . 1 (*
phase (DI) at fixed gain on the wave amplitude ratio was ' 10
experimentally evaluated for phase shifts between 0' and 360*, as
shown in Fig. 9. For phases between O and 1500, the waves are 10.2
attennated, while fte waves are amplified for phase angles between 0 50 100 150 200 250 300 350
160" and 3W0. Ile maximum attenuation found was roughly 30 at Spatial Control Phase, Pt (dog) I
DI - 751, and the maximum amplification of a factor of 1,300 occurs

at t = 275'. Between t1 a 290 and Pt = 345, the system is Fig. 9: Influence of feedback control phase angle (A1) on the strength

unstable .e. goes into rotating stall). of the first spatial mode of the flow in the compressor at
If wave stability is equivalent to compressor stability, then I=0.475

compressor stability should be enhanced for control phases at which 04
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Fig. 10: Influence of feedback control phase angle (51) on the flow (b I osto 0
coefficient at which the compressor goes into rotating stall ()tyPsto 2

the waves are attenuated aid should be decreased when the waves are
amplified. This is indeed the case as illustrated in Fig. 10. Here, the
flow coefficient (0) at which the compressor goes into rotating stall 1., 11 1

as the compressor throtte is very slowly closed (d/dt = 2x10'5/
rotor revolution) is shown as a function of controller phase angle
(i01). Depending upon the phase, the control changes the stalling
flow coefficient byIa much as ±11%. Comparison of Figs. 9 and
10 makes clear the connection between wave damping and rotating
stall. Rotating stall is suppressed when the waves are damped and is
promoted when the waves arm amplified.

Figure I1I shows the influence of control of the first spatial
harmonic wave in a more familiar form of non-dmensional pressure
rise (Wv) versus non-dimensional mass flow (flow coefficient. 0) at
constant corrected compressor speed. W~ith fixed inlet guide vanes
(no control), the compressor stalls at 0 = 0.43. With feedback control

-40 -30 -20 -10 0 10
0.5- Time, Rotor Revolutions

Stall Without Control
30- Fig. 12: TIme history of compressor sensor output (a) and actuator

response (b) with first spatial mode control as the throttle is
* very slowly closed. Rotating stall onset is at a time of 0.

at the most effective phase found (01 - W%) the stalling flow
.5Stall With Control coefficient is * - 0.375, 11% lower. At the phase producing the most

ccof First Spatial Mwod* wave amplification (01 = 2750), the stalling flow coefficient is 0.475.

S0.3 Time Resolved Syste Behavior
Much can be learned from examining the time resolved

CL behavior of the controlled compressor as the throttle is very slowlyI L __ _ __ _ _closed at a controller phase (01) of 60*. 7he overall system behavior
is shown in Fig. 12. Here, the onset of stal occurs at a non-

0.2_____________ dimensional time of 0. Prior to that time, the sensor output is small
0.2 0. 0. . . relative to dhe rotating stall amplitude. The acruators, however. ame

0.3 0.40.5 0.60.7 clearly producing a travelling wave. (The actuator response to the
Flow Coefficient,* rotating stall after stall onset is due to the light damping: of the blade

servos.)
Fig. 11: Non-dimensional pressure rise ('W) versus mass flow (10) The time evolution measured by a single sensor is shown in

characteristic showing the measured influence of feedback Fig. 13. For this compressor with no control (Fig. l3a), the rotating
control of the first: spatial mode on compressor operating stall grows quite slowly. With control of the first spatial mode (Fig.
tange 13b), fth growth is much faster. (Note that this occurs at a lower

7



I
S0.5 :t 0.6 - With 1lt Spatial Mode Control

Z - is Mode
aP04-- 2nd Mode
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0.5 _ _ _ __ ~ 80 3
So--" . . ..... 0.... - I

o

S -0.5 20-. .0..---I3

(b) With Control of ist Mode

-40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10
Time, Rotor Revolutions Time, Rotor Revolutions i

Fig. 13: The influence of control on the time history of a single sen- Fig. 15: Same as Fig. 14. but with control of the first spatial mode
sor as the throttle is slowly closed to stall the compressor modes on compressor stalling pressure rise is shown in Fig. 16. 1

flow coefficient than Fig. 13a.) Further, the disturbances with With both modes under the control, the compressor does not stall
control have twice the frequency as in the no control case. This is until a flow coefficient of * = 0.35, a 20* increase in operating range
due to the primary disturbance now being a two-cell rotating stall, i.e. over the no control case. Examination of the time behavior of the
the second spatial mode. Fourier coefficients, as the compressor throttle is slowly closed (Fig. I
- The influence of first mode control on the disturbance modal 17), shows that, prior to stall, the first and second modes are of about
strucntre is illustrated in Figs. 14 and 15, which show disturbance equal strength. At the stall point, the second mode growth is initially
phase and amplitude versus time. A linear varation of phase with more rapid but fully developed stall is predominantly the first mode.
time indicates that the disaubance is propagating at This suggests that (nonlinear) mode coupling is important as the wave I
Without control (Fig. 14). both the first and second spatial modes are 7maugests that spatin a l mode is ire a ntivel we a v

evident in both magnitude and phase for 40 rotor revolutions before maturs. The measured third spatial mode is relatively weak.
stall. The first mode is clearly the strongest everywhere and the fully
developed stall is an admixture of both modes. When the first spatial SYSTEM IDENTIFICATION .
mode is controlled (Fig. 15), it is the second which is stronger prior T
to stall, and predominates in the fully developed rotating stalL Ile measments presented have been for a compressor

with a simple proportional control law, one whose rationale is based
Control of the Second Snatial Mode on a linear theory as summarized by Eq. (4). There are many

Since the second spatial mode appears predominant when the analytical tools now available to design more sophisticated control
first mode is under control, it makes sense to control the second mode schemes with, hopefully, improved performance. The success of the
as well. The effect of simultaneous control of the first two spatial
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Fig. 14: Time history without control of the first two Fourier

coeffickiens as the throttleis slowly closed to stall the Fig. 16: Compressmwcharacteristic masin Fig. 11, but with active
compressor at t - revs control of first and second spatial modes
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Fig. 18: Bode plot showing response of the compressor to a sine

control design, however, will be based in no small part on the fidelity wave forcing excitation at 0 = 0.475
of the system model assumed for the compressor. Also, we are
interested in understanding more about the compressor fluid indicates that structure of the fluid model of Eq. (4) is appropriate for
mechanics. The apparatus assembled for the active control this compressor at the flow conditions examined. We have yet to
experiment is well suited to quantitatively establishing the dynamic make the quantitative prediction of the Bode plot from the
response of the compressor by directly measuring its transfer compressor geometry.
function.

The magnitude behavior of the compressor response to IGV DISCUSSION
motion was given in Fig. 7. This behavior can be put into a more
complete form, and compared to at least the structure of the fluid The most important point of this paper is that thesedynamic model, by plotting the phase and magnitude (Bodediagramc ofdthel, byotr utiong btwepseand t nirtFuder oe ient experiments demonstrate that it is physically possible to activelydiagram) of the transfer function between the first Fourier coeff icinnt control rotating stall in an axial flow compressor and, by doing so,of IGV mo tion and the first Fourier coefficient of the resulting axial obtain a useful extension in compressor operating range. A secondvelocity perturbations. This transfer function has both a magnitude point is that these experiments more firmly establish a clear linkand a phase, which results from both spatial and time lags between between low amplitude circumferendally propagating disturbances
the input and output We expect the behavior of this system based prior to stall and fully developed rotating stall - when the
on the modelling described earlier to be that of a second order disntuances are suppressed, rotating stall is prevented. This initial
system. This should be easily identifiable from experiments such as attempt to control rotating stall is encouraging. As is often the case.
a rotating sine wave response, for example. however, these results raise many more questions than they answer.

We can express the fluid model of Eq. (4) in more These questions thus suggest future research directions.
convenient transfer function form as The control law used in the experiments reported herein is

s + (A + Bi) quite simple. Considerable effort is being spent on the design of
(s) = K (8) mort sophisticated, and hopefully more effective, controllers. The

controllers can be useful in two ways - first, in extending
compressor performance and, second, in elucidating the details of the

where s is the Laplace transform variable. The complex form of this dynamic behavior of the compression system.
transfer function gives rise to second-order behavior in the measured At the moment, we do not have a quantitative explanation for
variables, as mentioned previously. The advantage of this form is the experrinetally observed limit to control effectiveness on this
that it uses the mirimum number of parameters to completely compress= (Le. why is there a 20% flow range improvement rather
specify the transfer characteristics of the system. A linear regression than a 10% or 30% improvement). Preliminary investigations show
type fit (Lamaire, 1987) can be done for the parameters K, A, B, C, that. insofar as the linear system analysis exemplified by Eq. (8) is
and D. This gives rise to the results shown in Fig. 18, where it can concerned, the bandwidth and actuator authority limits of the current
be seen that the response characteristics in the experiment are system have not yet been reached. Another possibility is that higher
mimicked by the model. We have obtained this type of fit using order modes may drive the instability. Measurements to date have
various types of IOV inputs: romdng waves, stationary waves with not shown that the third spatial mode is strong (the highest mode
oscillating amplitudes, and stationary waves with random which can be resolved with the present inst'umenutaion). Various
amplitudes. As would be expected in a linear system, the input- other nonlinearides can be ifnporMn. Also, at some flow
output behavior is unaffected by such variations in the character of coefficients, the assumpdons which underlie the wave model (Eq.
the input. More details on this system identification can be found in (4)) and the actuation scheme chosen may cease to be valid (i.e. two-
Paduano et al. (1990). Overall, the fit of the second order model to dimensional flow). Work is ongoing to address these questions.
the measurements is very good. There are also more general issues raised that go beyond the

In summary, the fidelity of the model fit to the data in Fig. 18 behavior of this particular compressor. We have no basis on which

9



| II

to quanitanvely extapolate rotang stll control beyond the machine REFERENCES
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greater or lJsser dege•. This quescon can only be addressed u% T.timachines, Ja of Prop aAd Po,'t', Vol 5, "No, 2,.pp Ž04 "
substance by expeimentl investgatioof othe bilds ot dus Garmnt. V H, Epstic. A H. Gmricr. EM, l990 "Routatng I
compressor and of other compressors. A second approach is to Sua! Anocipation and buaon in A aual Corr rsos.' ASME
quantitatively reconcile thde system behavior such oburved Paper 90-GT- I %,
expermentally in Fig. 18 with a fit pricipes fluid mecharuc moa~del Hyris, TY.-, Grercr. E£M.. 1987. "A Meujod for Assessitg -
related t compressor geomerny as exemplif•d by Eq. (4). This Effecu of Inlet Flow Distort on Compre sor Suitsbdy." AS)Mf J
would faciliutate more accure prectit ns of compnessor behavior TartomacAery. Vol. 109. pp, 37 1- 379.
with controL Work is ongoig in both arras. ,Artir. R 0. 1987. 'Robust Tine and ,nucqncv Domain

Another concem is the generality of the rouating stall model Esumuoon Methds in Adat ve ConvoL * Ph.D Thesi.
Certainly such assumptions as timeaonasiry and Dcparste of Eecc=4al Enpe•nmg am Coravies Science. MIT
incompressible flow arn of limited applicabiliry. These models can Lee. N KW., GrciaxzE. EM. 1990W, -VEcs of E.4 *•a
and ame being made more elaborate as We~lity with experunntalc dAua Suction AM BlowI on C onprio Stability Enharcr'mct.-

requires. isi unporanzt emphasieherm thattheccempto••acrtve ASME1.. Turbomnachimery, VoL 212. pp 133-14.
control of compressor instabilites is not dependent on the accuracy Longicy. J.P, 198, "'Inle Distorton wad Compessor
of any particular mathemancal model or coneptual view of the flow Stability-. Ph D Thesis. Camridgr UCnverni Engrnecr-r Dept. t
in a compressor. The model is thre to provide a framework about Camirid•e, England.
which to design a control system. Any model would do (assutrung Longley. JP.. 1990. Unpublished MIT Gas Tuit-.m Lrabe or
it was an accurate mprsentaton of the fluid mecharucs). although Technical ote..
certaily some formulations am much mote tractable for coo A Ludwig. G R.. Neni, 1P. 2980, 'Tests of an lmprom-. I
design than otherS. Rotatng SWI Control System on a ;-85 Twrtoxj Engie." ASMIE

Actuation schemes am also important since they mfluence Paper 90-GT- 17.
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Silkowsk. P.D.. 1990, Aerody Deip of Mov..blc Inlet
CONrLUSIONS Guide Vanes for Active Conaro of Rot esing S o. M.S. T7besin.

Dcpatment of Aeronautcs and Astronautics. MIT.
Rocating stall in a low speed axial compressor has been Yonke. W-A.. Lady. Ri., Ste-art. J.F., 1987. i{IDEC

suppressed using active feedbck convooL To daze, a 20% gain in Adaptive Engine Conrsol System Flight Ev&a)lon Results." ASME
compressor mass flow range has been achieved. The measured Pap 87-GT-257.
dynamic behavior of the compressor has followed predictions from a
two-dimensional compressor stblty mode These results minforce

the view that the compressor stability is equivient to the stability of
low amplitude waves which travel about the machine
circuimferendally. I

"This is a progress repor on an ongoing effort The results so
far ridicae that active control of large scale fluied mechanic
instabilities such as rotating stall in axial Cmoprism is very
promising. Much work sill needs to be done to assess the practical
applicability of a---,c results
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'iTIVE STABILIZATION OF ROTATING STALL
IN A THREE-STAGE AXIAL COMPRESSOh

by
J.M. Haynes, GJ. Hendricks, and A.H. Epstein

IABSTRACT
A three-stage, low speed axial research compressor has been actively stab.'ized by

damping low amplitude circumferentially travelling waves which can grow into rotating stall.

Using a circumferential array of hot wire sensors, and an array of high speed individually

I positioned control vanes as the actuator, the first and second spatial harmonics of the compressor

were stabilized down to a characteristic slope of 0.9, yielding an 8% increase in operating flow

range. Stabilization of the third spatial harmonic did not alter the stalling flow coefficient. The

3 actuators were also used open loop to determine the forced response behavior of the compressor.

A system identification procedure applied to the forced response data then yielded the compressor

3 transfer function. The Moore-Greitzer, 2-D, stability model was modified as suggested by the

measurements to include the effect of blade row time lags on the compressor dynamics. This

I modified Moore-Greitzer model was then used to predict both the open and closed loop dynamic

response of the compressor. The model predictions agreed closely with the experimental results.

In particular, the model predicted both the mass flow at stall without control and the design

parameters needed by, and the range extension realized from, active control.



NOMENCLATURE

A Annulus flow area

An Coefficient of nth spatial mode of flow coefficient perturbation 3
bx Axial chord

3._ Non-dimensional axial chord 3
L Total pressure loss

Lr Total pressure loss across rotors m

Lrss Steady total pressure loss across rotors n

sTotal pressure loss across stators

LsSteady total pressure loss across stators

&Lr Perturbation in total pressure loss across rotors

4LS Perturbation in total pressure loss across stators m

&Lunsreay Unsteady total pressure loss perturbation

&-quasi..steady Quasi-steady total pressure loss I
n Spatial harmonic number 3
Pe Exit static pressure

Ple Exit total pressure 3
Pdi Inlet total pressure

3Pe Exit static pressure perturbation I
aPle Exit total pressure perturbation

&Pt Inlet total pressure perturbation

r Compressor annulus mean radius 3
sn (a. -iCon)r

U

t time n

t Non-dimensional time (Eq. (A10))

T Torque I
U Rotor linear velocity at the mean radius

I
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a Disturbance growth rate

0 Flow coefficient cjU

8 i Flow coefficient perturbation

,;. Inertia parameter for compressor rotors

pz Inertia parameter for compressor

V Circumferential coordinate

p Fluid density

lross Unsteady total pressure loss characteristic time

Rotor total pressure loss characteristic time

Ts Stator total pressure loss characteristic time

T Non-dimensional rotor total pressure loss characteristic time

•'s Non-dimensional stator total pressure loss characteristic time

"Tconvection Non-dimensional blade passage convection time (Eq. (10))

(0 Disturbance rotational frequency

Total-to-static pressure rise

Ideal total-to-static pressure rise

1V/ss Steady state total-to-static pressure rise
T

Vft Torque coefficient

INTRODUCTION.

Axial flow compressors suffer from inherent hydrodynamic instabilities known as surge

and rotating stall Surge is a one-dimensional mass flow disturbance involving the entire

compression system, while rotating stall has a two- or three-dimensional structur rotating about

and local to the compressor blading. Both arm large amplitude disturbances, disrupting compressor

operation a,3d imposing large structural loads, and so are unacceptable in routine compressor

operation.

A useful theoretical model of compressor hydrodynamic stability started with Emnons et
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al. (1955) and has evolved through Moore and Greitzer (1986). This analysis shows that surge I
and rotating stall are simply the mature form of the natural oscillatory modes of the compression

system. Surge is the lowest (zero) order mode and rotating stall is the higher order modes. This

model predicts that these hydrodynamic disturbances start at very small amplitude (during which

time the modes may be considered as linear and decoupled) but quickly grow into their large I
amplitude form, surge and rotating stall (which exhibit nonlinear behavior and whose dynamics

are coupled). Thus, the stability of the compressor is equivalent to the stability of these small

amplitude waves which exist prior to stall. Garmier et al. (1991), McDougal et al. (1990), and I
Etchevers (1992) presented experimental data showing the existence of these low amplitude waves

and their evolution into stall in seyeral axial compressors. More recently, Paduano and Gysling I
(1992) have shown that the details of the time evolution of the disturbances, especially the wave

form, is quite sensitive to the shape of the compressor pressure rise versus mass flow I
characteristic.

Epstein, Ffowcs Williams, and Greitzer (1989) first suggested that surge and rotating stall

could be prevented by using active feedback control to damp the hydrodynamic disturbances while 3
they are still at small amplitude. Aside from reducing the control authority required, control of the

fluid disturbances while they still are at very low amplitude permits incipient surge and rotating 3
stall to be treated and controlled separately (since their behavior will be linear and decoupled).

Active suppression of surge was subsequently demonstrated experimentally on centrifugal I
compressors by Ffowcs Williams and Huang (1989) and Pinsley et al. (1991), and on an axial 3
compressor by Day (1991). Paduano et al. (1991) demonstrated active suppression of rotating

stall in a single-stage low speed compressor. By damping the small amplitude travelling waves 3
rotating about the annulus prior to stall, they increased the stable flow range of the compressor by

25%. 3
The data of Paduano et al. provides strong experimental evidence that at least the

quantitative structure of the hydrodynamic stability theory is appropriate for this type of I
compressor and that, indeed, rotating stall can evolve from small amplitude travelling waves since

I
I
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damping these waves prevents the formation of rotating stall. In these experiments, the travelling

waves were decomposed into separate spatial harmonics with each harmonic controlled

individually. This showed that the linear and decoupled behavior prec~cted by the Moore and

Greitzer theory did indeed occur. The theory, however, predicted that all spatial harmonics go

unstable at the same mass flow, while the experiment showed that the lower the harmonic, the

higher the mass flow at instability. This behavior has an important implication for active control

since it means that all spatial harmonics need not be simultaneously controlled in order to realize an

increase in compressor operating range, greatly simplifying the physical realization of such a

control system.

In the work presented herein, we extend the experimental single-stage work of Paduano by

applying the same active control techniques to a three-stage, low speed research compressor. Both

open loop forced response and closed loop actively stabilized data are presented. We also extend

the two-dimensional, incompressible hydrodynamic stability theory of Moore and Greitzer to

include non-ideal effects such as time lags associated with the development of viscous losses and

deviations. These modifications have the effect of separating in mass flow the instabilities of

individual spatial harmonics as observed by Paduano. We then show that this theory does an

excellent job in quantitatively predicting both the open and closed loop dynamic behavior of the

three-stage compressor. This includes predicting the natural stall point (inception of rotating stall

without control) and predicting both the controller parameters required and the improvement in

mass flow range gained from active control. Finally, we make some comments on the utility of an

actively stabilized machine for exploration of compressor dynamics.

Ex-erimental Annaratus

A 0.6 meter diameter, three-stage low speed axial research compressor was adapted for use

as a test article in these experiments. Work in this rig was previously reported by Gamache

(1990), Lavrich (1988), and Gamier et al. (1991). The blading details are given in Table 1. The

control scheme adopted was that used by Paduano et aL in which the travelling waves of axial
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velocity are detected by a circumferential array of hot wires just upstream of the compressor and

individually actuated vanes upstream of the rotor are used to generate the rotating disturbance 3
structure required for control. The test compressor was appropriately modified by moving the

inlet guide vanes (IGV's) sufficiently far upstream so that control vanes could be placed between 1
the IGV's and the first rotor. In this arrangement, the inlet guide vanes produce the mean swirl 3
while the unchambered control vanes provide the time and circumferential variations needed to

stabilize the compressor. Each of the twelve control vanes consisted of NACA 65-0009 cast 5
epoxy airfoils, cantilevered from a hollow core, high torque to inertia DC servo motor (Fig. 1).

Instrumentation included circumferential hot wire, total pressure, and static pressure arrays I
mounted throughout the compressor (Fig. 2). Additional measurements consisted of rotor speed

and torque, average compressor mass flow (from a venturi), and rig housekeeping.

The control system hardware is illustrated in Fig. 3 The signals from the eight hot wire

anemometers mounted about the compressor circumference ar filtered by four-pole Bessel filters

set at 1000 Hz, which is 25 times the shaft frequency, os. The signals are then digitized by a 16- 1
bit A/D system in an 80486 computer, which implements the control laws and outputs the

commanded control vane positions to individual vane position control systems. These consist of 1
closed loop, PIM position servos, one for each channel, feeding 350 watt servo amplifiers which

drive the DC servo motors. Optical encoders mounted on each motor provide a vane position

signal to the feedback controllers. The vane servo loops operated at 50 cos (2000 Hz), while the 3
entire control loop in the computer was operated at 12.5 o.s (500 Hz). The control vane dynamic

response was determined by driving the vane array with a pseudo-random binary signal with a 3
minimum pulse width of 2.5 Ws (100 Hz), while the compressor was operated near its stall point.

These measurements showed that the transfer function of the flow actuation system could be 1
modelled quite closely by two second order systems in series with a natural frequency of 170 Hz I
and a damping ratio of 0.35. This yields a frequency response flat to .3 dB up to 3 cas (120 Hz).

The first spatial harmonic of rotating stall is approximately 0.3 oqs (12.5 Hz) in this compressor.

The computer control algorithms were also similar to those used by Paduano. At each I
___ I



time step, the anemometer data is digitized and linearized into axial velocity; a discrete spatial

Fourier transform is then used to decompose the eight velocity measurements into spatial

harmonics (only modes 1, 2, and 3 were examined here); a separate control law is then

implemented on each spatial harmonic; and then an inverse discrete Fourier transform on the

spatial harmonics is taken to yield individual blade position commands to each of the 12 control

vane position control systems.

A simple proportional control law was implemented in these experiments. For each spatial

harmonic n, the change in control vane stagger angle, y, is proportional to the measured change in

axial velocity, C.

= nC (1)

where Zn is the complex constant of proportionality

Z,, a Rn On (2)

Rn represents the gain of the controller, while fln is the phase angle between the measured velocity

perturbation and commanded stagger angle change for each harmonic. With this harmonic by

harmonic control scheme, P is a spatial lead which can account for both lags in the control system

and the dynamics of the compressor. The total change in vane stagger angle, 86)ine, is then

simply the sum of the deflections calculated for the individual harmonics being studied (1, 2, or 3

in this case). Paduano established the optimum gain and phase for each harmonic empirically.

Here, as will be shown later, theory can be used to calculate the optimum feedback gain and phase

with results closely matching those found experimentally.

SteadX State Compreisor Performance

Aside firom active stabilization experiments, steady state measurements were taken both to

assess the compressor operating characteristics and to establish me aerodynamic parameters

needed as input to the analytical modeling and control law design. These included measurements

of the speedline shape, the torque efficiency, and the influence of control vane stagger angle ()) on
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the non-dimensional pressure rise coefficient (0i). Specifically, the dig/dyvalues required by the I
theory were derived from measurements of the steady state influence of vane stagger on

compressor pressure rise, as illustrated in Fig. 4. The resultant values of d~o/yand *d•d are 3
shown in Fig. 5. Data in the normal unstable low flow area were taken while the compressor was

stabilized with feedback control. I

Compressor Performance With Active Stabilization 3
Active feedback stabilization of the first two spatial harmonics was implemented as

described above. The results using the optimum feedback gain and phase found are illustrated on I
the speedline in Fig. 6. Control of the first harmonic yields a range increase of 3%, while control 3
of the first and second harmonics together increase that to 8%. At this point, the speedline slope

is 0.9. The compressor torque losses continue to decrease smoothly in the actively stabilized I
region.

It is useful to examine the time history of the transient into stall as an aid in understanding 3
the instability evolution process. The time history of the axial velocity measured by the eight

sensors about the compressor circumference is shown in Fig. 7 for the unstabilized compressor.

Here, the smooth growth of the first spatial harmonic wave is quite apparent for the 15 rotor 3
revolutions illustrated before stall (it is highlighted by the parallel dotted lines in the figure). When

the first spatial harmonic is actively suppressed (Fig. 8), the stall inception process is different in 3
that it occurs at a lower mass flow and that the low amplitude waves growing prior to stall exhibit

twice the frequency, as can be readily seen by comparing Figs. 7 and 8. It is the second spatial I
harmonic which goes unstable and triggers the rotating stall when the first harmonic is stabilized..

A useful tool for examining the wave growth is a discrete spatial Fourier transform of the

axial velocities measured about the compressor annulus at each instant in time. This yields a 3
complex Fourier coefficient for each spatial harmonic, the magnitude of which represents the

instantaneous strength of that spatial wave, and the phase of which is a measure of the 3
instantaneous angular position of the wave. Thus, a straight line phase history indicates that the

I
I
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wave is travelling at constant angular velocity. This behavior can be seen in Fig. 9, which presents

the spatial Fourier coefficients calculated from the unstabilized data of Fig. 7. The first harmonic

position does change at a constant rate for some 15 revolutions before stall. (Note that the

compressor is unwrapped here so that 2n radians represents one revolution of the wave, 41t

radians two revolutions, and so on.) Examination of the magnitudes of the first thee spatial

harmonics in Fig. 9 shows that the first is the strongest and that it grows to large amplitude before

the second and third do. This uncontrolled compressor has a single lobed stall (primarily first

harmonic) at this mass flow. When the first harmonic is actively stabilized, however, the Fourier

coefficient of the second harmonic is strongest prior to stall (Fig. 10). Once stall starts, though, the

first harmonic quickly dominates. Indeed, examination of the time history in Fig. 8 shows that

once the fully developed rotating stall is established, it is a single lobed stall.

A time history of the compressor under first and second harmonic control is shown in

Fig. 11 and the corresponding spatial Fourier coefficients in Fig. 12. Here, the instability appears

to grow from both the first and second harmonic, with the third harmonic weaker. Again, the fully

developed stall is primarily single lobed. Although the third harmonic does not appear to play a

dominant role in Fig. 12, simultaneous stabilization of the first three harmonics was implemented

with results shown in Figs. 13 and 14. No increase in stable flow range is achieved over control of

only the first and second harmonics. The relative roles played by the three spatial harmonics is not

clear from the data in Fig. 14, although the first tiarmonic does appear to grow first.

We have been discussing the temporal structure of the instability onset; the spatial structure

is of interest as well since that can be used to connect the harmonic representation with a detailed

compressor aerodynamics view of rotating stall. Axial velocity measurements were taken at three

spanwise stations at each of four circumferential positions between each of the three rotor and

stator blade rows, as indicated in Fig. 2, in order to elucidate the 3-D structure of the flow field.

The axial velocity data was transformed into spatial harmonics and then the power spectral density

of each harmonic was calculated over an interval prior to stall as a measure of the wave strength at

that time. The axial and spanwise variation in the strength of the first harmonic wave taken prior to
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stall of the unstabilized compressor is shown in Fig. 15. Upstream, the first harmonic is strongest I
at midspan (the same is true for the second and third harmonics when the first is stabilized). 3
Behind the first rotor, the signal is strongest at the tip. The decay in wave strength between the

upstream measurement station used for control and the first rotor is consistent for both the first 3
and second harmonics so that the first rotor will be considered the compressor face in the

subsequent modelling. I
We have now presented experimental data showing that a low speed multistage axial

compressor can be actively stabilized and illuminating the stall inception processing in this

machine. We will now use this data as an aid in refining an analytical model of instability 3
inception and show both how this model can quantitatively predict many details of stall inception

and how the model can be used to design an active control system. I

The two-dimensional, incompressible theory that has been formulated by Moore and

Greitzer to describe rotating stall implies that, at the inception of the instability, small amplitude 3
traveling waves develop in the compressor annulus, grow in magnitude, and eventually develop

into rotating stall cells. In this analysis of the instability inception, an arbitrary axial velocity I
disturbance is decomposed into its Fourier spatial harmonics which can then be analyzed a
independently, since the equations describing the evolution of the instability are linear. If the

compressor is assumed to operate in a quasi-steady manner, i.e. pressure rise is a function of flow 3
coefficient only, this model predicts that all the spatial harmonics of the flow coefficient

perturbation become unstable at the operating point where the total-to-static pressure rise I
characteristic (Vvs. 0) becomes positively sloped. Disturbances are damped where the

characteristic is negatively sloped, and amplified where the characteristic is positively sloped, with I
the growth or decay rate of the perturbation being determined by the magnitude of the slope. 3

Contrary to the assumptions of the above model, airfoils do not respond instantaneously to

changes of incidence, and it has been observed in experiments (Nagano et al., 1971; Mazzawy, 3
I
I
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1977) that the pressure rise across a compressor does not respond instantaneously to variations in

flow coefficient. As will be shown, this finite response time of the compressor pressure rise has a

stabilizing effeft on flow perturbations, stabilizing higher harmonics to a greater extent than lower

ones. When the quasi-steady assumption in the model is relaxed, and allowance is made for finite

blade-passage flow response times, the spatial harmonics become unstable sequentially, with

higher harmonics becoming unstable at larger positive slopes of the compressor total-to-static

pressure-rise characteristic (i.e. lower flow coefficients). This behavior has been observed in

experiments on both the three-stage compressor being considered, and previous experiments on a

single-stage compressor (Paduano, 1991; Paduano et al., 1991).

The sequential destabilization of higher spatial harmonics of flow coefficient disturbances

has beneficial implications for active control. By controlling only the first spatial harmonic of the

disturbance, an increase in stable operating range can be obtained, down to the flow coefficient at

which the second spatial harmonic of the disturbance becomes unstable. By controlling both the

first and second spatial harmonics beyond this flow coefficient, the stable operating range can then

be extended to the operating point where the third spatial harmonic becomes unstable. Using this

control approach, the maximum range extension possible as predicted by the model is therefore

dependent on the number of spatial harmonics of the disturbance that one is able to control, giving

the designer the freedom to trade complexity (number of harmonics controlled) for stable range.

Indeed, it is just this behavior that was found in the experiment. In the following sections, the

model is extended to include the finite response time and the results are compared to experimental

data.

ACCOUNTING FOR BLADE ROW PRESSURE LOSSES.

DEVIATION AND BLOCKAGE

The peaked shape (Fig. 6) of a compressor total-to-static pressure rise characteristic, Vfis a

consequence of viscous effects - stagnation pressure losses, deviation, and blockage - which

increase as the flow coefficient, 0 is reduced. Lower flow coefficients give rise to larger angles of

attack on the compressor blading, which lead to stronger adverse pressure gradients within the
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blade passages. These adverse pressure gradients produce undesirable flow fields both in the rip 3
clearance region (e.g. large tip vortices) and within the blade passages (e.g. separated boundary

layers). Viscous dissipation and mixing within these flow fields cause the associated high 3
stagnation pressure losses, while the displacement effects give rise to deviation and blockage.

When the overall flow within the compressor is unsteady, the blade passage flows do not respond I
instantaneously to fluctuations in axial velocity and blade inlet angle. 3

To determine the sensitivity of the compressor unsteady response to various phenomena, it

is useful to quantify, where possible, the effect of each on the measured pressure rise. In an ideal

compressor in which the effects of losses, deviation and blockage are absent, the pressure rise

would increase monotonically with a decrease in flow coefficient. The total-to-static pressure rise 3
of such an ideal compressor is given by the Euler compressor equation,

n i 2
Videal= n-.. - a5 + tan2 Ii) o - () (3)

where n is the number of compressor stages, ai and fA- the stator and rotor exit angles of the i'th

stage, and oa the exit angle from the last stator. The difference between this ideal characteristic and 3
the measured one (W) shown in Fig. 16 can be attributed to the effects of losses, blockage, and

deviation outlined above. When this pressure loss becomes greater than the increase in ideal 1

pressure rise, the measured pressure rise characteristic, V, peaks over and becomes positively 5
sloped.

When the compressor operates isentropically, all of the shaft work input goes into 3
increasing the stagnation pressure of the working fluid. The isentropic stagnation pressure rise

across the compressor can therefore be calculated from the shaft torque as: 1

(Pe - Pd~jC2!ML~ 02-• (4)'Vien = (-" ~~reu _

-U 2 2 cosy a.,

where Vt~ is the torque coefficient (measue in this case). The isentropic pressure rise3

characteristic of this three-stage compressor, Vue,, is also shown in Fig. 16. The contribution of

dissipation to pressure losses is then given by the difference between the isentropic pressure rise3

3
I
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characteristic and the measured one, while the contribution of other effects (deviation and

blockage) is given by the difference between the ideal and isentropic characteristics. For the

purposes of this study, it is convenient to consider the measured pressure rise as being made up of

the difference between the ideal pressure rise and the sum of steady pressure losses due to

blockage and deviation, Ld= (i.e. lack of turning), and losses due to dissipation, LU" (i.e. entropy

production).

It is apparent from Fig. 16 that, for the three-stage compressor being considered here, total

pressure losses (entropy), Luss, increase significantly with a reduction in flow coefficient, whereas

the effects of blockage and deviation, Ldu, vary little over the operating range that we are

interested in, i.e. past the peak of the measured pressure rise characteristic. Th. influence of total

pressure losses on compressor transient behavior are easier to model than the other non-ideal

phenomena since the effects of total pressure losses are mostly confined to individual blade rows

(mainly the pressure rise across the blade row is affected); on the o6er hand, the influence of

deviation is not confined to a single blade row. Rather, the deviation of one blade row alters the

angle of attack on the following row, changing the pressure rise it produces. However, since the

effects of deviation and blockage appear to vary little with flow coefficient over the flow range of

interest (i.e. Ld= is flat in Fig. 16), these phenomena should not significantly affect the

compressor transient response. Although we have not studied the generality of this observation to

other compressors, we will exploit it here to simplify the analytical modeling. Thus, only the

effects of total pressure losses on compressor transient response will be considered.

MODELING COMPRESSOR TRANSIENT BEHAVIOR

To start, it is useful to consider an instantaneous reduction in flow coefficient through the

compressor (Fig. 17). Since the fluid dynamic phenomena (such as boundary layers) causing

non-ideal compressor behavior are parabolic in nature, they do not adjust instantaneously to their

new structure associated with the increased angle of attack on the compressor blading which

occurs when the flow coefficient is reduced. Rather, the change in structure evolves over a period
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which is dependent on the convection time of the bulk fluid through the blade passage. Thus, 11, 1

associated pressure losses will evolve temporally as well. Emmons et al. (1955) suggested

modeling the evolution of losses with a first order differential equation:

rfoss d(& j) = 4Lqujasi-veay - 6L (5) 5
where "ross represents the time constant characterizing the evoAuion. For the step reduction in o

considered here, the change in stagnation pressure loss &ffainem is then given by: -

SLITaniEnt= (Iquan-_ teady -- (tlri'ui)) (6) 1
Since the stagnation pressure losses reflect the time lags associated with the flow withni e

compressor blade passages, the compressor pressure rise must as well. To illustrate this point. I
consider again an instantaneous reduction in flow coefficient when the compressor is operating on

a positive sloped portion of the characteristic (Fig. 17). Immediately after the reducton in flow

coefficient, the stagnation pressure loss is at its initial value, since a finite time is needed for the

loss to evolve to its final value. Since the pressure rise across the compressor is made up of the

difference between the isentropic value and the loss, the pressure rise initially follows a curve I
parallel to the isentropic one as shown in Fig. 17. It then decreases to its final value corresponding

to the lower flow coefficient after a finite rime characterized by the time constant os . Thus, when 1
the flow in the compressor changes abruptly, the slope of the pressure rise characteristic deviates

from its quasi-steady value. In particular, in the operating range of the compressor where the

steady characteristic is positively sloped, the effective transient slope can be negative when mc time 3
constant associated with the flow unsteadiness is low enough, Le. if the reduced frequency of the

unsteadiness is high. This has important implications for the initiation of rotating stall since the 3
stability of disturbances is dependent on the effective slope of the pressure rise characteristic.

Specifically, inclusion of the time lag can increase compressor stability. m
COMPRESSOR MODELING

The analytical model used in this study is an extension to the one described in Moore

I
I
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I (1984), Hynes and Greitzer (1987), and Epstein, Ffowcs Williams, and Greihzer (1989). The

3 analysis is two-dimensional, which is appropriate since the machine under consideration has a high

hub-to-tip ratio. The inlet flow field is undistorted (uniform inlet total pressure), and the inlet and

3 exit ducts are assumed long, so that end effects, i.e. reflection and scattering of the disturbance

wave from the ends, are not important. In addition, the tip speed of the compressor is assumed to

3 be low enough for the flow field to be considered incompressible.

In the analysis an arbitrary flow penurbation, 6, is assumed to be of the form:

ml €• =•_.Anest eaO,(7)

-- n=I

where

s , =. (8)
U

In the above formulation, cn, r/U represents the rotation rate of the n'th spatial harmonic non-

dimensionalized by the rotor rotational speed, and arIU the non-ditnensionalized growth rate of

the n'th spatial harmonic. When the above form of the flow coefficient perturbation is substiruted

into the differential equations describing the dynamics of the fluid in the compression system, the

analysis yields an eigenvalue problem in s,, with the growth and rotation rates of each spatial

harmonic determined from the solution to the eigenvalue problem. If the real part of sn is negative,

the spatial harmonic is damped, and the compressor operation is stable; if the real part of S,, is

positive, the spatial harmonic grows exponentially, so that the compressor is unstable. Details of

the extension of the stability modeling to account for finite compressor response time can be found

in Appendix A.

An adaptation of this model to a compressor using control vanes for active control was

developed by Paduano et al. in their study of the control of rotating stall in a single stage

compressor. The details of the closed loop model extended to allow for finite compressor

response times are outlined in Appendix B.
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SYSTEM IDENTIFICATION OF COMPRESSOR DYNAMICS

Paduano showed that he response of compressor flow perturbations to control vane

deflections can be expressed in transfer function form as, 5
80= (iG.s+A.+iB.)(aM,+a.2s+a as 2+...+ajsj)

8y (s - CA, - iD.)(b., + b.2s + b.,ss+... +b~s')(9

where s represents the complex frequency (growth rate and rotation speed) of the forcing function

ft the control vane deflection wave, and 01 refers to the flow coefficient at the measurement

station. The transfer function developed from the compression system model in Appendix B can 3
be written in an equivalent form, hence the model parameters can be related directly to those

determined experimentally. In particular, Cn corresponds to the growth rate a., and D, to the

rotation rate "z, of the n'th spatial harmonic. (-BnIGn) and (An/Gn) represent the growth rate and

frequency of the forced perturbation wave at which the actuation system is ineffective at producing I
a flow perturbation response. (This is defined as a zero of the actuation system.) In addition, Gn 3
represents the effectiveness of the compression system to control vane forcing over the frequency

range. The parameters An, Bn, Cn, Dn, and G, therefore completely specify the open loop behavior 3
of the compressor/actuation system. The parameters in Eq. (9) were experimentally determined

using a least squares algorithm to fit the form of the transfer function to the measured dynamic 3
response of the compressor. The accuracy of the theoretical model as a quantitative predictive tool

could therefore be established by comparing the experimentally determined parameters to those

predicted theoretically. 3
O1en Loo Idenification Methodology

In the development of the hydrodynamic stability model, it is assumed that the spatial I
harmonics of disturbance waves are decoupled, so that a linear model could be used. This 3
assumption should be valid for the experimental identification studies so long as both the forcing

and response disturbances are small in amplitude. Since the compressor characteristic slope plays 3
an important role in the model, a unique transfer function exists at each steady-state operating point

for each spatial harmonic of the disturbance wave. In the experiment, the forced response was I

I
U
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determined with the compressor operating in both the stable and normally unstable range. In the

normally unstable operating range, the compressor was operated under closed loop active control.

Under these conditions, it is the dynamic response of the combination of the compressor and the

control system that is measured, therefore it is necessary to also accurately characterize the

dynamics of the control system, so that compressor transfer can be deduced from the overall

system measured.

The basic approach is therefore to excite the compressor with a well-chacterized

disturbance (a small amplitude sine wave deflection on the control vanes travelling about the

circumferences at various speeds is a simple example). In this case, on the normally stable portion

of the compressor map, a pseudo-random binary excitation signal with a bandwidth 1.25 times the

rotor's rotational frequency was used to excite the dynamics of the first three spatial harmonics.

Identification studies of harmonics higher than three would have required control vane forcing at a

frequency beyond the bandwidth of the actuation system. The transfer function % s then

determined from simultaneous discrete-time measurements of the control vane deflections, and

flow field velocity perturbations around the compressor annulus, using a spectral method. The

transfer function of each spatial harmonic resembled a second order dynamic system, which is

equivalent to a first order system with complex coefficients of the form,

60L = iGs + A. + iB. (10)
8y s-C. -(10

which indicates that the additional terms in Eq. (9) do not affect the transfer function significantly.

From the order of magnitude of the coefficients of the additional terms in the theoretical model,

one can deduce that they will not affect the shape of the transfer function significantly over the

range of forcing frequencies that was used in the experiment. Figures 18 and 19 show a least

squares fit of the transfer function of the form in Eq. (10) to the experimental data. The fidelity of

fit indicates that the form of Eq. (10) is quite appropriate for this compressor. The fit parameters

which therefore form the dynamic model of this compressor are given in Table 2.

When the spatial harmonic of interest was stabilized by closed-loop control, the transfer

function could not be determined directly in the above manner. In this case, the parameters
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describing the open-loop performance were calculated using an instrument-variable modeling 1

technique adapted to compressor identification by Paduano (1991). This method required an 3
accurate model of the actuator dynamics, and a quantitative estimate of time delays in the feedback

system. The actuator dynamics were determined from measurements of the response of control 3
vane motion to the command signal. The open loop transfer function of the compressor was then

measured by superimposing a forcing signal on the vane control signal. The accuracy of the I
instrument-variable method was checked continually by comparing the vane deflections with those

simulated by the actuator dynamic model. The open loop dynamic parameters of the compressor

could then be obtained from the commanded forcing perturbation, the actual vane deflections, and I
measurements of velocity perturbations upstream of the compressor. The details of the procedure

are described by Haynes (1992). 1
COMPARING OPEN LOOP MEASUREMENTS AND PREDICTIONS3

The symbols in Fig. 20 show the growth rates and frequencies of the first three spatial

harmonics of a disturbance wave determined from the experimental identification studies.

Negative values of a,, HU represent temporal decay of a spatial harmonic while positive values

represent exponentially growth. The experimental data shows that the spatial harmonics of the I
disturbance wave become unstable sequentially as 0is decreased, with higher harmonics I
becoming unstable at lower flow coefficients. The spacing of the neutral stability points (arn = 0)

of the spatial harmonics is important for active control of rotating stall in compressors, since it I
gives an indication of the range extension that could be achieved for each additional spatial

harmonic that is controlled. 3
With no control, the identification data indicates that rotating stall would be triggered by

the growth of the first spatial harmonic where al = 0 at a flow coefficient of 0 = 0.46. The time 1
history of spatial harmonic coefficients shown in Fig. 9 does indeed show that a coherent first 3
harmonic perturbation appears first here and grows in amplitude before the higher harmonics do.

Figure 20 also shows the predictions of the unmodified Moore-Greitzer model (which 3
I
I
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does not include the effects of finite compressor time response), that aLl the spatial harmonics of

the disturbance wave become unstable at the same flow coefficient, 0 = 0.468, which is the peak

of the total-to-static pressure rise characteristic. Also, the model underpredicts the rotational

frequencies of the spatial harmonics. The model modified to include finite response dimes,

however, gives much better agreement with the experimental data (Fig. 21). Since the exact values

of the compressor blade row time lags needed by the model were not known a priori, a parametric

study was done to determine the effect of their variation on the resultant theoretical predictions. In

Fig. 21, the blade row response times Y. and Tr are set equal to 1.5 times the blade passage

convection times, which gave the best agreement of the model with the experimental data. It is

important to note that the growth pd rotation rates of all three harmonic disturbances (6 quantities

in total) predicted by the model show good agreement with data when only one constant is

adjusted, the blade row time lag. Furthermore, the value required to match the data, 1.5 times the

blade passage convection time, is within the range found by Nagano et al. (1971) whose

experiments to characterize the response time produced values of between 1 and 1.5. This

supports the hypothesis that finite pressure rise response time is the physical mechanism causing

the sequential destablizing of the spatial harmonics of the flow coefficient perturbation.

PREDICTING CLOSED LOOP COMPRESSOR BEHAVIOR

As was discussed above, the modified compressor stability model does a good job of

predicting the open loop dynamics of the system, implying that the compressor dynamics are

appropriately represented. This model adapted to the closed loop system should then be able to

predict both the behavior of the compressor under active control as well as the influence of control

system design parameters on that behavior. Details of the closed loop model are given in

Appendix B.

Figure 22 shows the boundary between stable and unstable operation of the compressor

operating under closed loop active control of the first spatial harmonic, as the phase of the control

vane deflection wave is varied relative to that of the measured velocity perturbation wave. The
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flow coefficient at which the spatial harmonic becomes unstable with no feedback control (gain, R,

= 0) is also shown. The operating range of the compressor is thus extended for those phases for 3
which the closed loop stability boundary is lower than the uncontrolled neutrally stable flow

coefficient. The control system has a destabilizing effect on the compressor where the stability I
boundary is greater. The optimum feedback phase is that which gives the largest range extensicoL

and corresponds to the trough of the closed loop stability curve.

The model prediction and the experimental results in Fig. 22 agree closely. The agreement 3
for control of the second spatial harmonic is close as well (Fig. 23), suggesting that the model is

indeed an accurate representation of the stabilized compressor dynamics. I

DISCUSSION AND SUMMARY

We h;ive presented herein details of the closed loop control of a three-stage low speed

research com-:essor. In addition to being only an end unto itself, the actively stabilized 3
compressor is a powerful research tool for use in the understanding of compressor dynamics. In

particular, such a machine facilitates the accurate measurement of the compression system I
dynamics with a combination of forced response experiments and system identification I
methodology. We have found the adoption of controls formalization to be a great aid in this area

of fluid meclanics research. I
Two approaches were taken to establish the compressor dynamics: (1) experimental

measurement and identification, and (2) an analytical hydrodynamic 2-D stability model of the I
flow field. The experimental data was used to determine the relative importance of fluid

phenomena included in the modeling. In this case, compressor time lags due to losses proved to

be important while those stemming from deviation and blockage were not. The Moore-Greitzer 3
stability model when suitably modified to include these time lags accurately predicted the open

loop onset of stall as well as the behavior of the stabilized compressor. This implies that, to the 3
degree to which these results may now be generalized, a tool now exists for predicting the rotating

stall point in high hub-to-tip ratio compressors for which compressibility is not important. I
I
I
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The active stabilization of the first and second spatial harmonics increases the operating

range of this compressor by about 8%, stabilizing the machine up to a characteristic slope of 0.9.

Stabilization of the third harmonic does not alter the compressor behavior. At this time, we do not

understand the lack of effectiveness of the control in increasing the operating range when the third

harmonic is stabilized. Examination of the actuator motion confirmed that actuator authority and

bandwidth limits are not reached before the rotating stall has grown to large amplitude. The

influence of effects not included in the linear model have not been examined in detail.

Since control of the first two harmonics confirms quite closely to theory, Hendricks and

Gysling (1992) have used this modeling approach to examine the performance of alternate

actuators in controlling this compressor. They found that a circumferential array of jets at the

compressor inlet in place of the control vanes should be particularly effective, stabilizing the

compressor down to a characteristic slope of 4, over four times that achievable with control vanes,

with a concomitant increase in stable flow range. Work is proceeding on an experimental

verification of this modeling.

OveraLl, we believe that the good agreement between the experiment and theory presented

herein indicates that it is now possible to assess analytically the influence of active compressor

stabilization on the dynamics of the type of machine tested. Work is ongoing to extend the

modeling and experiment to include low hub-to-tip ratio compressors (a 3-D stability model), to

account for the effects of compressibility, and to treat the influence of inlet distortion on actively

stabilized compressors.
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APPENDIX A
COMPRESSOR STABILITY MODEL INCLUDING TRANSIENT BEHAVIOR

In this model, the pressure rise across a compressor is modified by the pressure difference

required to overcome the inertia of the fluid within the blade channels, when the flow within the

compressor is unsteady. If one assumes that the flow within the blade passages is one

dimensional, the unsteady pressure rise across the compressor can be vricten as (Moore, 1984;

Hynes and Greitzer, 1987):

Pe-Ps =l Soa ur¢(Al)
pU 2t0 U U d(

where:

V'= -Visen- Lr - Ls (A2)

Vu,3 n is the isentropic stagnation pressure rise across the compressor and L,. and Ls are the rotor

and stator stagnation pressure losses. The inertia of the fluid in the rotors and in the compressor

are represented by A and .t respectively. At the initiation of rotating stall, the flow coefficient

through the compressor is modified by a small perturbation 80 so that:

S 6 LS E+64 (A3)

=Pi+ 8P , =4 +64

The compressor pressure rise perturbation equation is therefore:

8SPv - 8P- _ - L _&s -_,. -a() Ara(86) (A4)

pU2 -do o U at

V =n = vu + .r• + LS'. (A5)

where yg is the steady, axisymmetric total-to-static pressure rise including losses, and Ls.s= and

Lr~js the steady stator and rotor stagnation pressure losses respectively. The stator transient
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stagnation pressure !oss perturbation, &-s, is given by the differential equation: 3

T,(S LS) -3L (A6)

The rotor unsteady stagnation pressure loss, &•, is calculated in a reference frame rotating with the

rotor: 1

___ Ud(84) -8.(A7)

In this analysis, a general perturbation in flow coefficient of the form: 3
80= I A,,e(a.-Ma.))1efld (A8)

is considered. Each spatial harmonic of the perturbation can be considered separately, so only the

n'th spatial harmonic:I

=Ane(a,-iw,)t eino (A9) 3
will therefore be examined.

The variables describing the evolution of the perturbation can be non-dimensionalized as

follows:3
- tU - U (a.t - iq, )rt=- , 'r = , S, = -- (AIO)

r r U , I
where U is the rotor speed and r is the average radius of the compressor annulus, so that the

equations describing the perturbation become: 3
-_ = 80_8L$ _ (84(8.) (All)

pU2 do d

7rS -RLS tXS.--5-& (A12)3

___ do4I

-((4 d(64) 8- 0 - 84. (A 13)3So = Asle (A14
8¢= Aenen (AI14) 3

I
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The upstream stagnation and downstream static pressure perturbations are given by the

expressions (Epstein, Ffowcs Williams, Greitzer, 1989):

" 1 )(A15)
pU ml d

and

sPe i d(50) (A16)
PU Inj di-

Substitution of Eqs. (A15), (A16) and (A14) into Eqs. (A11)-(A13) produces a generalized,

complex eigenvalue problem in S,:

(A - snB) 37• = 0 (A17)

where:

I' dL3,3 I' €1 0d4sen 1(A18)

B= 1 (A19)
- - 0 IsLf+-

• = as(A20)

(A21)

and

Va'n =ri + LS3, + Lro'. (A22)

The solution to the eigenvalue problem yields the growth and rotation rates of the
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perturbation wave. If the real part of s is negative, the disturbance is damped, representing stable

operation of the compressor. If the real part of s.: is positive, the disturbance grows

exponentially, representing unstable operation. For the uncontroUed compressor the growth rate of

the perturbation is determined by the slope of the total-to-static pressure rise characteristic. I
We must now fit this model to our data. The steady state compressor slope, dy'ss/do is 3

determined from a polynomial fit to the measured pressure rise data. The total pressure losw

across the compressor is estimated from the difference between the isentropic pressure rise 3
characteristic and the measured one. A polynomial fit to this estimate is then used to determine the

slopes of the rotor and stator loss curves, dLr,ss/dO and dLs,ssldO. For the particular build of the I
three stage compressor that was considered (75% reaction), it was assumed that 75% of the steady

total pressure losses occurred across the rotors, and 25% across the stators. The time constants T," I
and "r were related to the convection time of the bulk flow through the blade channels. Since the 3
values of these constants was not measured, a parametric study was done by varying these

constants about the blade passage convection time. The best agreement with the experimental data 3
was obtained with the time constants set to 1.5 times the blade passage convection time. I

I
I
I
I
I
I
I
!
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APPENDIX B
COMPRESSOR STABILITY MODEL INCLUDING ACTIVE CON ]FROL

In an actively controlled compressor, the relation between pressure and velocity

perturbations can be manipulated by the actuator. Analysis of the movable inlet guide vane

actuator involves determining relations between the actuation and perturbations in velocity and

pressure introduced into the flow field. The actuator is modeled using quasi-steady actuator disk

theory. A detailed model of the compressor with control vane control is given by Paduano (1991)

and Paduano et al. (1991), and is outlined here, with modifications to account for finite compressor

response times. With control vanes and quasi-steady compressor response the compressor

perturbation equation can be written as:

Pu2  do +dy d6- -1

where,

1P - d(602) (B2)
pU2  Inl dr

and

Jp2-' -t 1602 + iOLigy r) (B3)

with

82= 8,- in0AtgSr (B4)

and

-F 1 dT4) (35)

pU

Here 8y represents an angular displacement of the inlet guide vanes from their mean

position. When the quasi-steady assumption is relaxed, and the finite compressor response times

are modeled, the compressor perturbation equation can be written as:



S dy•U , -y - 6LW, c UB6
pU' do dy a i

where the transient losses, &L, and 34r are now modeled by the foilowAing equations, 3
4964s di L3 (

dt_ do dL3

The above system of equations can be written as a transfer function berwecn the flow perturbation

at the measurement location upstream of the IGV's, -h,, and the control vane deflection 5)',.

£0'.,W =e-IlAw. "+ d I +-.siF I. (s +in) P " i 2 1)

l-'st + l+ T,(s +inýj I
Control is implemented by sensing the axial velocry perturbation. 601 upstream of the inlet guidci

vanes. The measured signal is then processed by the controller which comnmands the control

vanes to introduce a suitable perturbation into the flow field. With the proportional feedback 3
scheme that was employed in the experiment, the measured signal is modified in amplitude and

shifted spatially in phase. This is implemented analytically as follows: I
Mc = Z e- nIXhw t (B1O) 3

Z = Re-iVa (Bt ) 1

where R is the gain in amplitude of the signal, and v. is the spatial phase shift of the commanded

signal relative to the measured signal. In practice, non-ideal behavior causes the output from the 3
actuator to differ from the command given by the controller. The non-ideal actuator dynamics

were determined experimentally by measuring the transfer function of the actuator motion relative I
to an input command signal, and then fitting an appropriate dynamic model to the transfer

function. As a simple example, assume that the dynamics of the actuator can be modeled by a

second order differential equation, 3
I
I
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-d2 -(3y) 2• d3(- = 0) (Ac - 6-y) (B 12)
00 +2qaCOa -i=

where ao and a are the resonant frequency and damping raio of the actuation system. (Li the

experiment a higher order dynamic model was required to accurately match the measured actuator

transfer function.) With axial velocity sensing upstream of the control vanes, the actuator equation

then becomes:

d2 (6y) + 2gawa ± co3) -D2 (Ze-~h"'&6 - 8-r)
C. di

i Equations (B2)-(B8) and (BIO)-(B12) produce an eigenvalue problem. Parameters in the analysis

are the operating flow coefficient (which determines the slope of the pressure rise characteristic),

the gain and phase of th-. feedback control law, and the actuator dynamic parameters. For the

control vane actuator with velocity feedback, this system of differential equations reduces to the

form given in (A 17), where the matrices A, B, and the vector & are now:CL ___ -_ -• eLd
d1 43sa 1 0 La

I_- 0 dLr o

1Tr 0 (B13)

T do o o9'Y+•
0 0 0 0

0 1 00 0
B - 00100(B 14)

0 0010 0
0001 0

10000 1

i
I



30 1

45LS
84= 6 (B15)

with: i

(B 16)5

and

+= +ss + gs .4 (B 17)

There are five eigcnvalues for eafi spatial harmonic of the disturbance, and the system is stable

when the real part of each of the eigenvalues is negative.

I
S

I
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I
TABLE 2

PARAMETER IDENTIFICATION DATA

Percent
Difference Re(zro)- 1ra(zero)=

Sfrom ostall C1 = a) DI = Zo Al BI GI --B]I GI Aj I GI

0.488 6.0 -0.1839 0.329 -0.0709 0.00280 -0.0573 0,0489 1,238
0.462 0.4 -0.0303 0.304 -0.0650 0.00375 -0,0515 0U0728 1.262
0.432 -6.0 0.1320 0.270 -0.0463 0.00943 -0.0329 0.2865 1.406

Percent 
2

Difference Re(zero)= Im(zero)=
' from ostall C2= a 2  D2 = C2 A2  B2 G2 -B2 / G2  A2 /CG# 3

0.488 6.0 -0.2829 0.790 -0.1119 -0.01525 -0.0872 -0.1749 1.283
0.460 0.0 -0.1223 0.762 -0.1032 -0.00446 -0,0724 -0.0616 1.426
0.432 -6.0 0.0510 0.781 -0.0684 0,00345 -0.0431 0.0799 1.587

I
I
I
I
I
I
I
3
i5

I
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IV. MODELLING FOR CONTROL AND SYSTEM IDENTIFICATION



MODELING FOR CONTROL OF ROTATING STALL
by

J. Paduano, L. Valavan, A.H. Epstein, E.M. Greitzer and G. Guenerte

Department of Aeronauics and Astronautics, Gas Turbine Laboratory
Massachusett Instrute of Technology

Cambridge, Massachusets 02139

An analytical model for control of rotating stall has been obtained from the basic fluid

equations describing the process at inception. The model describes rotating stall as a traveling

wave packet, sensed -- in spatial components - via the Fourier synthesis of measurements

obtained from a circumferential array of evenly distributed sensors (hot wires) upsntram of the

compressor. A set of "wiggly" inlet guide vanes (IGV's) equally spaced around the compressor

annulus constitute the "forced" part of the model. Control is effected by launching waves at

appropriate magnitude and phase, synthesized by spatial Fourier synthesis from individual IGV

deflections. The effect of the IGV motion on the unsteady fluid process was quantified via

identification experiments carried out on a low speed, single-stage axial research compressor.

These experiments served to validate die deoretical model and refine key parameters in it. Further

validation of the model was provided by the successful implementation of a simple proportional

control law, using a combination of first and second harmonic feedback, this resulted in a 20%

reduction of stalling mass flow, at essentially the same pressure rise.



Nomenclature 5

IGV inlet guide vane 3
PS2  exit static pressure

P'r inlet total pressure evaluated at steady state operating point 3
AP Ps2 - PTi

T flow coefficient Cx / U

Cx axial velocity I
U wheel speed
,, •t fluid inertia parameters inside machine

y radius of machine

p fluid density

V pressure rise characteristic Ap I pu2

a~w- slope of non dimensional pressure rise characteristic

FTin =T1it

8PS2  •s.e• nth spatial harmonic of corresponding variableA sI
8 perturbation quantity

XnI , X2nth spatial cosine and sine functions of flow coefficient perturbationU
rts .rotating stall speed (differs with each spatial harmonic)
0 circumferential angle ranging from 0 to 2x 3
We.* ircumferenial distribution of IGV deflection, degrees

8YU nths spatial harmonic of control action, - W

Y , Y n-spatial cosine and sine components of control action
Ga(s) transfer function between Yn(s) and ¥.(s)

Gni(s) transfer function between un1(S) , xnI (S)I
Ga(s) trander function between un2(s) , x,2(s)
uni, uu1 nth spatial cosine and sine coefficients of the external input 3

1
1
1

__ 1



The performance of compression systems can be considerably limited by multi-mode

instabilities that variously arise in both axial and centrifugal compressors. These are surge and

rotating stall. Surge is essentially a one-dimensional, mass flow disturbance encompassing the

entire pumping system -- compressor, ducting, plenum. and throttle. It causes the mass flow

through the machine to fluctuate, generally with inevitable flow reversal and performance

degradation. Rotating stall is a localized disturbance that starts as small velocity perturbations at a

particular sector of the compressor annulus and propagates circumferenially, pervading the entire

annulus. In many situations, the velocity perturbations grow exponentially in the initial stages until

a nonlinear traveling wave with the speed of rotating stall develops around the annulus (Fig. 1).

These two phenomena can be viewed, in a unified framework, as eigenmodes of the

compression system with surge constituting the zeroth order mode and rotating stall representing the

higher order modes [ 1], [2]. This is described in the papers by Moore (7] and by Moore and

Greitzer [8] who showed how these two phenomena are linked. Their theoretical work was

corroborated later by experimental evidence (10], (11].

Fully developed, surge and rotating stall exhibit their nonlinear nature by causing large

amplitude transitions between compressor operating points, from regions of high to extremely low

efficiency and, sometimes, unrecoverable conditions. To avoid such events, design engineers

have traditionally allowed ample surge margins to keep engine operation away from the unstable

region. This, however, can compromise performance since the region near the stability region is

of highest achievable performance: high pressure risetlow mass flow operating conditions.

Previous attempts at active control of surge consisted primarily of largely empirical, open

loop strategies, with limited success. A systematic feedback approach, even for the one-

dimensional surge distu'bance, was not reported in the literature until recently. On the other hand,

attempts at controlling rotating stall, which is the focus of this paper, have been considerably

fewer, in both open-loop (161 and feedback configun dons. This can be attributed to the fact that

rotating stall is at least two-dimensional in nature, with spatial and time components and, therefore,

2



I
considerably more difficult to control. In addition, from the control theoretic point of view, an

appropriately defined model for control of rotating stall has not been available, even though more

sophisticated fluid model descriptions, along with experimental observations, have existed in the 3
literature [181, [191.

In this paper, which is intended for control audiences, we derive an analytcal state-space I
model for control of rotating stall, validate it, and further refine its key parameters via identification 5
experiments on a low speed, single-stage research compressor. This is the first control theoretic

model obtained for roaing stall and is the main focus of the present paper. The derived model 3
structure is further validated by a successful frst attempt at feedback contrl using a simple

proportional (state feedback) strategy. 3
In the following sections, we describe the analytical derivation of the model and the open-

loop identification procedures underlying its structure. We also briefly discuss the closed loop 1
control straegy that has resulted in moving the stall point to 20% lower rma flow. A detailed3

description of the overall experiment, as well as the accompanying implementation~urdware

issues, is given in (201, which is aimed for the gas turbine community. (203 focuses on the3

exposition of experimental and fluid process aspects without any discussion on the dynamic model

per se. or any identification and structre model validation details. Such information is deferred to3

the discussion in the present paper. In a following paper [241, we discuss the complete process

identification, with special emphasis on closed-loop algorithms that can accurately identify the

process characteristics beyond its natural stability point In (24], a new closed-loop idenifcation I
algorithm is poposed, which is tested experimentally, both directly, in terms of identified process

characteristics, as well as indirectly, by designing more acciurae feedback control laws. 3

The Fluid Procem Model . A Control Theoretic Persmeitive

In this section we briefly outline the fluid dynamic description of the rotaing stall proes

which we assume to be the maumr stae of the phenomenon whose linear (peurbation) behavior is

described. We start with the basic partial diferential equation capturing the physics of the process

31
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and derive from it an analytical, finite dimensional, model amenable to cont'ol. Understanding and

interpreting the process from a control theoretic perspective is essential in controlling it in a

systematic fashion. While, normally, a partial differential equation form would imply an infinite

dimensional model for control, in what follows we describe how an accurate ODE model was

obtained, based on understanding of the fluid process and judicious utilization of control theoretic

and signal processing tools.

The Physical Process Without Control

We start with the basic partial differential equation as derived in [8], which represents the

local perturbation in pressure rise across the compressor, at stall inception, and convert it into a

canonical wave operator form. The equation is given by:

pU2(

where (5j/20) is the slope of the non-dimensional compressor prrssurý rise characteristic 'V =

(Ap/pU2), where Ap is defined as exit static pressure P52 minus inlet total pressure PT1 evaluated

at the steady-state operating point, and (p is the flow coefficient Cs/U with Cx the axial velocity.

Positive numbers X. and I represent the inertia of the fluid inside the machine that has mean radius

r, U is the wheel s.eed, p is the fluid density.

A general perturbation is represented as a Fourier series and it is convenient to write the

functions in equation (1) in terms of their spatial Fourier coefficients:

8Pn=X- YPTreJII4iXP lreId x<O (2a)
n n

=PS2 - PS2e - . x>O (2b)
n n

4
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= = j/nh.= x< 0 (2c)

n n 3

where x is the distance from compressor face and the definitions of PTI,. Psin. (Ps, are obvious

from equations (2a-2c).

In the upstream region, the axial momentum equation can be written as (an unsteady 3
Bernoulli type) equation of the form:

a (8p1 ) +a (OPT1)0  (3)

where &pS is the upstream flow coeffcent. Using equation (2a) in (3), we obtain, for the nth

spatial harmonic of the permuintion I

ýn Pur~ (4)U

Next, using continuity (momentum) and the condition of constant exit angle (axial), the 3
pressure gradient at compressor exit can be related to the velocity pertrbations by

CI (SPs2) PUa (8%•) (5)

and 8&2 is the downstream flow coefficient of the perturbation. By continuity at compressor face

and given the assumption of incompr-esibility.p 1ab 802 = 8I; 8i is as in equations () and (2c);

also, x = 0 at compreso face. Using equation (2b) in (5), we get:

-s~ =PUr d (&pnd -L! P a 2.4)()N I nI a I

From equations (4) and (6), the EHS of equation (1) becoms, for the nth spatial hamnonic:

8PS2n - PT1 . a2 ( ) (7)

PU 2  &~nja

5I
I



Next, rewriting the R.HS of (1) in terms of the spatial Fourier expansion for 80 and taking the nth

coefficient we get, in conjunction with equation (7). the following:

a( ) + ( )= (8)
a 't ae

where v'- dW /d(P) 2 + g

Equation (8) is the standard form of a partial differential equation of first omrcr in SXn, with t and 0

as the independent variables.

Thus, the complete equation (8) is of the general form:

and, consistent with PDE theory in any standard text, its solution can be written as:

8pN-- F(Ae - Bt) e•" (10)

where the functional F represents traveling waves moving in the positive 0 direction with velocity

B/A = X/j3, and a = C/B. Alternatively, the nth spatial Fourier coefficient of rotating stall is indeed

a traveling wave, whose amplitude evolves as ec predicting growth (instability) at positive

compressor slopes VI'; also, )3 is the corresponding rotating stall speed, ahts, in the positive 0

direction. Indeed, rotating stall precursors, in the form of traveling waves of increasing amplitude,

were identified long before the onset of rotawing stall (about 40 rotor revolutions before stall) [18].

A typical representation of the experimental data obtained is shown in Fig. 3.

The Homogeo s State Sngx Model

The solution we obtained for each spatial Fourier coefficient costitui•ng the rotating stall

process, as can be seen in equation (10), represents a general traveling waveform modulated by an

exponential. For the application at hand, given the compressor geometry, we seek specific

traveling waveforms which are periodic in the argument of F, i.e., 0 and time.. Thus, we can

write the mass flow petrbaton for the nth harmonic as

8on W eJX" s0 C Ca C a [cos(nO - %t) + j sin(n -o st)] (11)

6



I
With this process interpretation, we next take the state variables to be the (complex) Fourier I
coefficients corresponding to each spatial mode. This is key in the derivation of a state space

model for rotating stall. From Eqn. (11) it thus follows that, for each Fourier coefficient, the state 3
variables are given by:

xnf - Re Zn = eatcos(n0 - o)Rs t) (12)

X l • Im Zn = ec t sin(nO -O st) aI
n =1, 2...

Taking time derivatives of xnl, xn2 in equation (12) and writing the resulting differential equations

in matrix form we obtain: 3
:i~~ni V'3 CORS I A3-,2 -CORS '//O ,I[ (13)X2

with A the system matrix and x the state vector for each spatial mode.

In conclusion, for each spatial Fourier coefficient we can write a two-dimensional state

space model. representing the real and imaginary parts of the solution. This model represents the 3
evolution in time of the amplitude and phase of the corresponding mtodal traveling wave. As can

be seen by inspection of the harmonic form of the A matrix in equation (13), W' determines the

stability properties of the homogeneous system. In fact, the characteristic equation is given by

s2-2L-s+ • . 2=0 (14)

and it is Hurwitz (stable) if V' < 0. For V' > 0, the characteristic polynomial is unstable and for I
0 I - 0, the system has zero damping. The eigenvalues - of time evolution of each harmonic - are 5

1,2= (- ' W*) ± j

Defining the Innuts and Outinuts - The Cnmnlete Model I
Since the state space consists of traveling wave modes, state (output) nmasurermnts will 3

natzrally be traveling waves. Also, control of the instability will be effected by traveling wave

inputs, consistently designed with the process characteristics. 3
7 1

I



Fur sensing, a circumferential array of eight hot wire anemometers was employed, placed

midspan upstream of we compressor to measure axial velocity fluctuations. At each hot wire, the

obtained signal (measurement) constitutes, at each point in time, a linear combination of the spatial

harmonics, as captured by the Discrete Time Spatial Fourier (DTSF) formula:

Cxi(t) I AxnW() e (15)

n
0 angle carsponding to location

of particular sensor.
i-O ...... 7 : # of hot wires
n.l,2.....- spatial harmonics

Thus, at every time t, when a measurement is taken, each harmonic can be synthesized from data

of the collection of eight sensors according to the inverse Fourier formula:

KK
-jfik e jn2t/(

Axn (t) Cxt(t) C Cxk(t) C(16)
k=0

2nk

k 1,2,.. K,

ard K 7 in the present contexL1

Equation (16) represents the output equation for the corresponding state space model for each

harmonic. Obtaining each spatial Fourier coefficient as a function of time is crucial in the feedback

control process; it has also been important in identifying precursor waves to rotating stall [181.

For launching the control (traveling wave inputs), twelve wiggly inlet guide vanes (IGV's)

were positioned upstream, each independently actuated by a dc motor, which is controlled for

accuracy via an inner loop compensator. With the addition of actuation mechanisms, the partial

differential equation describing the (modulated) fluid process now has an additional (exogenous)

term, (8yn), that mflects the effect of active control on the fluid proes.

1 Iis possible for modal con• t greaer thn K/2 (he spatial Nyquist fequmcy) ID exist in Ax(O. This
infcammti would alias into the computation of the lower modes. Howevei, these modes die away very quickly
upamam of the con or (20, ch. 4.1.21; in addidon, these modes are veay well damped Ba higher flow coefficients
as was cxperuaamimlyozberved (20, ch. 5,6]. Thus, placing the hot wirs uueam ot the compressor, mimnizes
aliasing fm higher spatial modes in Eqn. (16).

8
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where d/ý y is the control input coefficient in the forced equation and kyn is the required control 3
action. Both these terms are as yet unspecified and do not derive from the homogeneous process

dynamics. For our specific choice of actuation, control will be effected through deflection of the

IGV's. However, the coefficient aI/;y cannot be precisely defined, for control purposes, by a

fluids approach alone, either analytically or experimentally. Quantification of the control input gain

*f/•Y will be through direct system identification.

At each point in time, the individual IGV deflections are determined by spatial Fc=-.er

decomposition of the control signal (ftn), required to stabilize a particular spatial mode of rotating

stall. Thus, if at time t, the required overall control input to Eqn. (17) for mode n is &yn(t), the

individual blade deflections will be determined by the inverse spatial Fourier transform: I
I

= j2xk/2 = 21ck (18)

k = 0, ... K., where K is equal to 11 for actuation. 2

Furthermore, if more than one mode is being controlled for rotating stall stabilization, the overall

required blade deflections will be, for each blade k at time t

2 3
=r by(t) e-k =1 (19)I

n= 1 "k=O 0.... K =I I

Fnally, the overall control action by, necessary for mode n can be effected as the spatial Fourier

synthesis of the individual blade deflections according to:
11

yC(t) = P r~k e (20)

2 See diwcussion in foomose on previo pig

9 1
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Equations (18) - (20) clarify implementation issues but do not determine the required

overall control action &yn. This should be the outcome of the controller design based on the state

space model. Clearly, given the nature of the process and, consequently, of the ensuing control.

&yn itself can be represented, in state space form, as a traveling wave that captures the magnitude

and phase evolution of the controlling wave. Thus, the nth mode state space model [Eqn. (13)]

with control now becomes:

'v'/In 0 Y
x -n = + Z (21)

where we have dropped 8 from&Yn for notational convenience in the linear model. In addition, let
( a(clv/da))n ! A2. Since the coefficients aioiy cannot be accurately defined by fluid

considerations alone, identification experiments were designed so that the entries of the control

input matrix, as well as those of the transition matrix, could be determined by essentially fitting

experimental data to the derived analytical model structure. Also, an additional term to complete

the state space description in Eqn. (21) was added to represent a pure phase term corresponding to

the need for a spatial lag, in the launched control wave input, that was observed experimentally,

due to sensor, actuator, and fluid mechanics considerations. Thus, the complete model is now:

[/i3 Co.~ ~ ][X.J+ oi []+ I; go -O k:] (22)

According to Eqn. (22), the spatial lag has been converted to an equivalent time lag, whose value

needs to be identified. Equation (22) indicates that each mode requires the identification of five

parameters. This is undertaken in the next section.

System identification for the rotating stall process proceeded in two distinct stages. First,

nonparmetric identification was carried out to determine the truansf.r functions - for each harmonic

10



from IGV input to sensor (hot wire) output, without firt selectng a possible set of corfined

models. The procedures employed here determined the tansfer furnctions diectly from the

experimental data. Next, once the transfer functions were identified - in frequency domain via 3
Bode magnitude and phase plots- we proceeded to parameter identification by assurrung a system

order consistent with the transfer function forms obtained in the firt stage. All expernments were

carried out in the open-loop, below the natural stability point, with model structure validaron as the 3
primary objective. Our results are described below.

Nonparametric Identification (Transfer Functions)m

A schematic representation of the overall experimental setun for identification and control of

rotating stall is shown in Fig. 4. This includes the test compressor on the lower part of the figure.

as well as the signal processing and control software blocks (left pan), along with a control 3
actuation loop that governs the dc servo motors. For more details, the reader is referred to [21).

As noted in the figure, a circumferential array of eight hot wire anemometers (sensors) have been 3
placed midspan upstream of the compressor to measure axial velocity fluctuations. Also upstream.

twelve wiggly inlet guide vanes (IGV's) have been positioned, each independently actuated by a dc m
motor, which is controlled for accuracy via an inner loop compensator. The dc servo actuation

bandwidth is 80 Hz, well above the process bandwidth of about 10-14 Hz or. typically, 20%-50%

of rotor speed. The IGV's represent just one possible mode of affecting the fluid process, but 3
were chosen over others because they are amenmble to modeling and could be actuated with off-the-

shelf hardware. 3
Inputs to the process are the twelve IGV blade deflections - together synthesizg the

traveling waves - at the inlet to the compressor. These deflections ate repsented by twelve s
numbers, at twelve discrete angular locations around the compressor annulus. Deflections ane m
about the mean GV angle, which in this case is zero, andcan be positive or negative up to about

"±30 degrees; in most experiments it was limited to ±15 degrees. Even spacing of the blades 3
around the annulus facilitates the decomposition into discrete Fourier coefficients, i.e., the twelve

blade positions can be exactly decomposed into discrete Fourier coefficients. These coefficients 3
"I 3

I



are termed the "spatial Fourier coefficients" (SFC's), and are distinct from those in a time Fourier

decomposition. The ,"utput of the system consists of eight measurements of the local axial air

speed, taken by the anemometers around the compressor annulus. The hot wire . at the mean

radius of the compressor, approximately .6 compressor radii upstream of the IGV's, with this

upstream location chosen so as to reduce the likelihood of spatial aliasing. Since the rotating stall

dynamics are non-axisymmetric perturbations to the mean flow of the compressor, all velocity

measum'ements are perturbations about the mean flow. Again, because of even spacing, spatial

Fourier coefficients of the measurements are directly obtained.

The model of equation (22) can next be written in transfer function form as follows:

Ex,(s)i Gn2 (s) -Gn(s) ][UnI(s)1
x.2(s) G n2(s) GnI(s) JLUn(s)] (23)

where unI = Re un; un2 = Im Un; Un(t) = A ej(nlo') and Un1(s), U.2(s) are the Laplace transforms

of UnI, U2, respectively. The input un(t) is realized as a spatial sine wave in the blade deflection

angles, of magnitude A, rotating around the anntlus at a frequency cD. Thus, for a first mode

excitation [ul(t)] there would be only one blade with a deflection of +A degrees at any one time

-- and, at a later time, a different blade around the annulus would have a deflection +A.

Equation (23) represents a two-input two-output system. However, it can be

straightforwardly shown that a scalar transfer function Gn(S) can be calculated from the transfer

matrix elements as follows:

Gn(s) = Gn (s) + jG (s) (24)

Furthermore, G01(s) and G,2(s) can be excited separately by letting

I Ul (t) - A cos(nO - (ot) and un2(t) = 0 or (25a)

Ua1 (t) = 0 and u, (t) = A cos(nO -OX) (25b)

and, by directly taking the 0 dependence out using spatial Fourier analysis, the inputs to the model

I in Eqns. (22) and (23) are represented as simple time functions:

12
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u n(t) = A cos Wat and un2(t) = 0 or (26a) I
Unl(t) = 0 and U.2(t) = A cos wt (26b)

The above inputs (26a,b) an realized as spatial sine waves whose angular location is stationary.

For example, the input in (26a) represents a sine wave whose peak is at the fourth blade around the

compressor while in (26b) a cosine wave is represented whose peak is at the first blade around the I

compressor. Thus, if the input in (26a) is used, we have:

xn1 (t) = A IGn(Jco))l cos [OX + Z G n(jo)] 3
xn2(t) = A Cni(joc)l cos [cot + L Gra(jw)] (27)

Following the method described in [22, ch. 6], each output sinusoid was correlated with

the input sinusoid and its quadrature component. The results of these correlations are then I
combined to determine the value of the transfer function at the frequency of excitation Co. For

example, if the input is un1 (t) = A cos co and u2n(t) = 0, we compute the corresponding

correlations Ic(N) and Is(N) as follows: 3

N , xn1(kT) cos (cokT) -4 IGn(Jo) )cos [ / Gn(jo)]
k=l 

N 2-"ijn I
Is(N) = xn xI(kT) sin (wkT) Nsin[LG 0( )) (28)

Nk=1 N -+c 1 f1

Combining the above results, we find

IGt(Jr)I =- ic2(N)+ Is2 N 
I

Z Gula(jo) = -arctan[Is(N)/Ic(N)] (29)

where GAjo)) is the estimated trnsfer function. 3

13 I
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Figures 5-7 show typical results of the frequency analysis by the correlation method for the

rotating stall process. Both stationary and rotating sinusoids were used; in the latter case the

technique must be somewhat modified but still retains the same properties. In Figure 8, Gni(s)

and Gni(s) are combined to form a derived version of Gn(s) for comparison with the experimental

version in Figure 7. The good agreement obtained further corroborates the validity of the argument

that identification of either GnI(s) or G,2(s) is sufficient, since they are essentially the same

transfer functions according to the model of Eqn. (23).

In addition to the correlation methods, spectral analysis methods were used to estimate the

same transfer functions Gn(joO) or Gn2(jOo). During this sequence of experiments, pseudo-random

binary sequences were utilized as inPUts. In such cases the input is binary, shifting between two

levels uI and u2 in a (pseudo) random fashion, for example:
1 1

u(t) (u CU + u2) + (u, - u2) sign (R(q) u(t- 1) + w(t)] (30)

with w(t) being a computer generated white-noise process and where, by proper choices of the

filter R(q), different spectra can be realized. Using the spectral approach [22], thc transfer function

estimate is the ratio between two spectral estimates as follows:

G (ejWI% = ANVU (31)

with the cross spectrum of the input u with the output y and the spectrum of u given respectively

by:

ira)- W~- N~ (32)
AI I-1

"7E(COO) fWy(4 - (0) ( d1 (33)

14
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where Wy(k - coo) is a frequency window centered at • = o, the frequency of interest 3 and -f

describes the window width, with a large value corresponding to a narrow window. YN(ý), UN(,)

correspond to the discrete Fourier transforms of y and u respectively, and UN(4) = I UN(4)•

In our experiments, the Blackman-Tukey procedure was applied with a frequency window 3
of the Hamming type (see Appendix). The results of such identification experiments are shown in

Figures 9 and 10, where the inputs were chosen to be, respectively: I

Un1 (s) = PRBS U(s) = 0 and

Un (s) = 0 Un2 (s) = PBRS (34)

The asymptotic mean square error is evaluated by: U

GN(e G - -NM 2(y) R(cO)12+WL (35))1

N DO)O

where Go(e r) is the actual transfer function of the process, Ov is the noise spectrum, and the S~I

quantities M2(7), •W(y) are as defined in the appendix. For large y, M(*) decreases while W(y)

increases; as N -+ a*, the second term on the RHS in equation (35) becomes arbitrarily small. We

note that in all figures 5-10, the peak - corresponding to the characteristic rotating stall frequency -

is at about 12 Hz, which represents 23% of the rotor rotation frequency in this compressor. In

conclusion, our transfer function estimation experiments using the two methods outlined above

have shown remarkable consistency and agreement. Furthermore, their shapes suggest second I
order system dynamics for each mode, consistent with the structure of our analytical model.

-S= Pa ei

Once the frequency domain estimates of the transfer function are available, they can, in

turn, be used to find the parameters of the model. We use the stucture of the nominal model and a

3 Such "weighiag functions" we concenr-ed aaound each pojemziro locnm, as rouoghy mnicipsted from 3
avaiable exprmemal mesWmmemt.

15 1
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type of weighted least-squares fit to the frequency domain estimares Gnpi)), GI(O)). There are

many ways that one could choose the nominal parameters to fit the frequency-domain estimate.

The method that we have employed here follows that in [23] and is computationally efficient, since

it only requires the solution of linear equations.

The rotating stall modes are represented by second order proper transfer functions

of the form
b~z2 + blz+ b2

G(z, o) - z2 + a 1z + a 2  (36)

where 0o is defined as the column vector of parameters 00 ( [ala2 bob 1b2]T

for which we can write:

z2G(z, Oo) - [zG(z, 0O) G(z, OO) z2 z 1] (-aj.a 2bobib2]r

S[zG(z, Oo) G(z, 0o) z2 z ] o0 (37)

Since the parameters are assumed real-valued, we define

Re (z2G(z, 0e)) = [Re (zG(z, 0o)) Re (G(z, eo)) Re (z2 ) Re z 1] eo

Im (z2G(z, 0o)) - JIm (zG(z, 0o)) Im (G(z, 8o)) Im (z 2 ) Im z i] 00 (38)

Thus, if we know the complex value of G(z, 0o) for some unknown z, we can find two linear

equations in the parawaters. The frequency-domain estimation method in [23] yields an estimate of

the plant at frequencies cak for k-0, ... N2, where N is the number (even) of distinct frequencies

over which the Discrete Fourier Transform (DFT) is taken.

Letting z eT for kO, .- N2, and T the sampling interval, we define an (N + 2) x 5

matrix whose elements depend upon the complex values of some discrete function of frequency.

We form the matrix A { G(eJmkT,O0 ) } as follows:

16
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A tG(ejok ,Oo)}

ReIt. G(ei '0,0 )) Re (G(e ooT)) Re Iekt ) Re Ijwt 1

Re I J •(N/)G(eJCo(N/2)T,8 0 )) . ... Re (e'C )T} 1

PO wTjcoT 1joTj))Im Im t G(eJe°TOo)) Im (G(e • o)} Im {e Im It 0

[Im (e G(J(N/2) ,)) Im (ei()(Ne)T} 0

(39)

Similarly, the (N + 2) vector B is formed as

Re( 2jcaT jo)OTI
-Re (e G(e 90o) -

B { G(e(kT,O0e) } Re (e2jo(N/2)T G(e (4O(N/2)T,)0)

Im (e2IjT G(eiC2To)) I
.me2jw(N/2)T G o(eN/t2)ToI

Lim (e G(e 00)(N2)

Thus, from Eqns. (37)-(40) we can write: l
A fI G(eiokT,@0 ) 100 = B f G(c.9,} (41)

Next, the parameter estimate is chosen as the vector that minimizes the frequency I
weighted norm of the enror vector

A [ GN(O)k) 0- B GN(k)} (42)

where the weighting matrix can be a diagonal matrix I

W = diag f(o) f(0d1) .... fl(OCD2)] f(cAO) f()P.. fo)cDt]) (43) 3
where f(o() is a frequency preference weighting function.

I
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The parameter estimate that minimizes the norm of the error vector WrA ( N(c"k) } -

B (G r.(ok)} ] is given by the least squares result

9=(AT WT W A) ATWTWB (44)

The results of applying the above proc-dure to rotating stall are shown in Figure 11, where the

dotted line represents the five-parameter identified model, and the solid line, the corresponding

averaged experimentally obtained transfer function. Similar results were obtained for the second

mode, also. For this experiment the values of the five identified parameters are:

s= 4 Rs = 69'/0 - -6.58, 01 = -5.01, P2 = 2.04, gl = -.055 for the first mode, and oRs

= 157.37, ORS = -32.46, 1 = -11.57, 02 = -.54, g = -.048. The mass flow coefficient was .475

for both.

The five parameters were identified for both modes at various mass flow coefficients right

before stall, ranging from a mass flow coefficient of .55 down to .475, which is almost at stall; at

these extremes, aRs for the first mode ranged from - 36.38 to -6.58 which still represents a stable

point on the compressor speed line. % ranged respectively from 50.81 to 71.71 For mode 2 the

range was from -93.17 down to -32.46 for ap and from 188.60 down to 157.37. The detailed

results are shown in Tables I and 2 respectively.

Predictably, the mode characterMics become less stable Monotonically (%rt) and more

oscillatory (lightly damped) - % - with lower flow coefficients. However, examination of the

second mode shows that it is considerably more stable and oscillatory than the first mode. The

oscillatory behavior does not, however, exhibit a monotonic trend through various flow

coefficets. This is expected, since phase is usually not as accurately observed, in addition,

individual mode phase way be more sensitive to the pre=c of higher modes (spatial aliasing).

Although we have not pursted identification of higher order modes, it is expected that these trends

will apply to those as well. If this is truly the case, then control can be achieved with just a limited

number of modes. Indeed, as will be discussed in the next section, we were able to control

rotating stall with only one or two modes.
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Another important observation supported by all the phase plots in all the figures is how I

well the identified model phase agrees with that of the experimentally determined tansfer

functions. It is remarkable that the parameter g remains essentially constant at about .06 for the

majority of flow coefficients in both modes. This further corroborates the model structure and the

intended modeling function of the parameter g. Indeed, since this is supposed to capture a spatial I
phase - turned into time lag - its value should remain relatively unchanged for the range of cases

considered here. To summarize, the above described identification experiments validate the model

stcrurcte, as represented in Eqn. (22), including the pure phase temi for the spatial lag.

The preceding identification procedures have been open loop sinc-t the operating points

were chosen at mass flows at stable - before stall -- regions of the compressor characteristic. I
However, model validation notwithstanding, parameter identification is really needed at the

unstable post-stall points for which a controller has to be designed. Work has presently been I
competed [24] on clo -loop parmeter identification experiments at stall and beyond, by

incrementally advancing to lower mass flow operating points using information from the

immediately preceding stabilized ones. With the newly available information, robust compensation

can be designed which will reliably control stall well beyond the currently achieved flow coefficient

of 0.35. In the process, it is also possible to address a number of interesting issues regarding

limits to achievable performance via active control stabilization of rotating stall. The basic question

which underlies such considerations at these more extreme conditions is which is the first barrier to I
further performance improvement using active control: (i) loss of model validity, including the

violation of linearity-, or (Ui) loss of control authority including, apart from the model controllability,

limits on actuation bandwidth. Surely, there are also a number of pure fluids issues to be resolved,

such as the validity of incompressibility assumption, etc. These are discussed in more detail in

[ (21]. The bottom line is that, with active control, the horizon of such basic investigations is 3
substantially expanded.

I
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Exgerimental Control of Rotating Stall

The first attempt at controlling rotating stall experimentally utilized a simple proportional

control law of the form

Sn = -kB n (45)

which, when substituted in equation (24), results in the closed loop system:

kJ L l kb (DRS -kb2  ] [/xgb (46)
-o(0• + kb2 V'/1P - gb x

Clearly, the system in Eqn. (46) can be stable for appropriate values of k. Since bl, b2 were not

exactly known at the time this was attempted, a trial and error procedure was employed for values

of k that stabilized (46) experimenaly. Also, various spatial phases were tried [as indicated in

equation (253)] until a combination was found that stabilized the system best. The criterion was

damping ratio enhancement measured using the PSD of the closed loop process at a stable but

underdamped operating point of the compressor. A gain k of 5 de&ms was chosen and a spatial

phase of 60 deg was deemed best. Figure 12 shows the overall system damping behavior for

various values of phase. (For more details on this experimental procedure, the reader is referred to

[21].)

With this Simple proportional control law, using only first mode feedback, rotating stall

was stabilized and the stable range of compressor operation was extended. The flow coefficient at

stall was reduced by 11%, down to 0.375 from the stalling value of 0.43, as shown in Figurel 3.

Closer study of the transient data indicated that the second spatial Fourier coefficient was actually

growing at stall incepton when the control was on (Figure 14). This was in good agreement with

the linearity of the umned model at stall inception. When the second mode was also used for

feedback, the resulting two-mode proportonal control law further extended the stable range of

operation of the compresor. Stall flow coefficient was reduced by 20% to 0.35 below the natural

stall flow coefficient (Figure 15). This controler used a gain of 5 deg/&/s for both modes with a

spatial phase of 530 and 900 for the first and second modes respectively.
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The results provide compelling qualitative support for the model structure and for the

sensing, feedback and actuation schemes used. It is qualitative because only the qualitative nature

of the system behavior - the structure of the model and not its detailed behavior - were used in the I
control design.

Clearly, a dynamic model with well-defined parameters allows for the systematic design of

robust (dynamic) controller structures that could improve performance further and guarantee I
stability robustness against ambient system disturbances. A rigorously designed control algorithm,

with carefully chosen structure and parameter values, can predictably stabilize all modes. For

example, if one looks at the exponential term potentially causing the instability, as is also reflected

in the solutions of equation (17), itris seen that the system goes unstable when the term vj/ I
becomes positive. Given the definition of

2r , .L (47)'

together with the compressor fluid inertia parameter g as defined by

X= ). + ; bxs: stator characteristic parameter (48) U
stators

and with X, the rotor fluid inertia parameter, defined by

,= X 2(y)r bxR: rotor characteristic parameter (49)

rotors I
one sees by substituting in Eqn. (47) the expressions of Eqns. (48), (49), that the value of

ranges between an upper and a lower bound, as n varies from I to -. With this information, in 3
principle, a robust controller can be designed to stabilize most modes, since an upper bound on the

instability rate can be precisely defined. Knowledge of the instability range, together with the I
precise definition of the five system parameters, is crucial in realiiang substantial further

performance improvements with predictable overall system robussness properties.
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An analytical ODE model for control was developed from the generic fluids partial

differential equation describing rotating stall at inception. The model structure was validated by

extensive open-loop identification experiments at pre-stall flow conditions. Additionally, key

model parameters were identified. Further validation of the derived model structure was provided

by the success of a simple, proportional feedback control law, whose parameters were empirically

set via successive experimentation.

The modeling approach taken here is quite generic and, therefore, applicable to more

complex machines whose unsteady fluid disturbances need to be stabilized for performance

enhancement, i.e. operation beyond traditionally set surge lines. In addition, the disturbances

(rotating stall) presently studied have been characterized by good identifiability properties, given

the quality of the results obtained. This is promising for further investigation and understanding of

the basic fluid processes at very low flow coefficients, in conjunction with active stabilization. It is

also similarly challenging for the control modeler/theorist.

A number of questions regarding fundamental limits to performance improvement, model

and associated assumptions validity, bandwidth and other implementation limitations, have started

being addressed. Unquestionably, the horizons for basic research have been considerably

expanded pursuant to the present work. The interdisciplinary collaboration between compressor

and control engineers has been challenging and rewarding. Our successful experience so far, apart

from its potential to effect dramatic changes in the engines industry, has opened new avenues for

basic research in both fluids and control - in areas not attempted before, such as large scale PDE

processes, in general - which hold significant promise for future technological achievements.
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Parameter Identification of Compressor Dynamics
During Closed-Loop Operation

J. Paduano, L. Valavani, A.H. Epstein

Gas Turbine Laboratory, Department of Aeronautics and Astronautics
Massachusetts Institute of Technology

Cambridge, Massachusetts

I Abstract

A low-speed axial research compressor has been fitted with movable inlet gt-ide

vanes to allow for feedback stabilization of rotating stall. A model exists whose

I structure captures the input-output behavior, and stabilization of rotating stall is

possible using this model. Quantitative identification of the parameters in the rotating

stall model requires the ability to identify MIMO dynamics, which may be unstabie,

during closed loop operation. The 'instrumental variable' technique is presented as the

I basic approach t, this problem. The necessary extensions to the basic technique are

discussed, and the resulting algorithm is applied. Experimental results are presented

which verify that the methodology yields useful estimates.



I
Nomenclature 3

B(z) numerator, denominator polynomials in discrete SISO model (13)

Bn(z)A j numerator, denominator polynomials in discrete rotating stall model (11)

Au(z) polynomial whose roots coincide with the unstable roots of A(z) (32) I
As(z) polynomial whose roots coincide with the stable roots of A(z) (32)
ai denominator coefficients of z- 1 in discrete models (11,13) Ibi numerator coefficients of z-I in discrete models (11,13)

nbi n control power parameters for continuous rotating stall model (8)

gin

D(z) numerator, denominator polynomials in discrete SISO noise model (21)C(z)I
F(z) polynomials in alternate representation of discrete noise model (31)

F~z) Ie prediction error (15)
Gn(S) transfer function between 'n(s) and ýn(s), (4)
Grn(S) transfer function between uin(s) and yin(s), (7)
Gi n(s) transfer function between uln(s) and Y2n(S), (7)
G.(z) dynamics in the feedback path of closed loop system (Figure 4)
GS(z) dynamics in forward path of closed loop system (Figure 4)
k time index for discrete systems
L term to be minimized in the log-likelihood function (30) IIn spatial mode number
t time, seconds
r external input for discrete SISO closed-loop system (30, Figure 4)

rn, r2n nth spatial cosine and sine coefficients of the external input (Figure 4) I
u input of discrete SISO model (13)
uln, U2n nth spatial cosine and sine coefficients of 3y, (5) 3
y output of discrete SISO model (13)
yin, Y2n nth spatial cosine and sine coefficients of 60, (5)
Pi poles of A(z) whose magnitudes are 2t 1 (32)
q/ dummy signals used in derivation of closed-loop prediction (Section 2.4)

I



vector of instruments in AML method (29)
11 parameter vector in AML method (27)

Yn nth spatial Fourier coefficient of 35 y, (3)

8 perturbation quantity
8y(0,t) circumferential distribution of IGV deflection, degrees
V additive (colored) noise random process (13, 21)
8(0,00 circumferentially non-uniform 0 perturbation, (2)
0 compressor axial flow coefficient, (1)

annulus averaged flow coefficient, (2)

On nnth spatial Fourier coefficient of 83, (3)

regressors vector (system inputs and outputs) in IV prediction (14)

•n regressors matrix for rotating stall nth mode (36)

0 circumferential position, radians
G parameter vector in IV prediction equation (14)

an stability parameter for nth mode of continuous rotating stall model (8,10)

rotation frequency for nth mode of continuous rotating stall model (8,10)
white noise random process (21)
vector of instruments in IV method (16)

ýn matrix of instruments for rotating stall nth mode (37)

regressors vector in AML method (27)

A
( •) prediction or estimation
( )f filtered version of argument

)T transpose

")n nth mode version of the argument
( •' •alternate signal which is highly correlated with the argument

( ith column of matrix argument, ith element of vector argument
( j} (ij) element of matrix argument

* ) Expected value
Z ) Z-transform
Z-i ( • inverse Z-transform

IGV inlet guide vane
IV instrumental variable
RIV refined instrumental variable
AML approximate maximum likelihood
NF noise-free
TR test-repeat
ML maximum likelihood
ROC region of convergence
ac anticausal
snc stable, noncausal
uc unstable, causal
"!ac unstable, anticausal
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I Introduction U
Rotating stall is a fluid mechanical phenomenon which besets axial compressors 3

at low flow conditions. It is characterized by a severely non-axisymmetric distribution

of axial velocity around the annulus of the compressor, taking the form of a wave or 3
'stall cell', which propagates in the circumferential direction at a fraction of the rotor

speed. Because the nonuniformity travels with respect to both the rotor and stator

vanes, both are subject to large amplitude unsteady velocities and, thus, loading which m

can cause vibration, fatigue, and severe heating. Additionally, rotating stall in jet

engines reduces the thrust and often leads to surge, an even more severe and

debilitating instability involving the entire compression system.

The transition from normal compressor operation into rotating stall is depicted

on a typical compressor pressure rise-mass flow characteristic in Figure 1. This plot

relates the nondimensionalized flow rate - known as flow coefficient, • - to the .

nondimensional pressure rise. The lowest flow rate at which the compressor can 3
operate with axisymmetric flow is point A, the peak of the characteristic. At lower flow

coefficients, an abrupt transition occurs into rotating stall (point B). This condition

will persist until the flow is increased to point C. Thus, there exists a severe

'hysteresis', that is, range of flow coefficients at which two stable operating conditions 3
exist - one of which is undesirable and often unsafe.

Traditionally, stall has been avoided by avoiding ok -ration near point A. This

solution necessitates leaving an ample 'stall margin', so that transients in flow rate and

ingestion of non-axisymmetric or otherwise disturbing flow will not drive the system to

the 'rotating stall operating condition. A concomitant performance penalty is paid,

because the highest pressure rise and, sometimes, the highest efficiency lie at a flow

coefficient below the minimum imposed by the stall margin requirement. It is, I
therefore, of interest to reduce the minimum allowable flow coefficient, without putting

4 1
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the system in danger of stall and/or surge.

This is the motivation for a number of recent papers, which describe the

phenomenology [1,2,3], fluid mechanics [4,5,61 and active control [6,7,8] of rotating

stall. In this paper, we will take the results of these papers as a starting point, giving

only a brief description of the active control results and the model presented in [7,8].

We will then present techniques for identification of the model parameters.

1.1 Active Control of Rotating Stall

Consider the schematic diagram of an axial compressor in Figure 2. It consists

of an upstrea-m annular duct, a set of inlet guide vanes (IGVs), a compressor, a

downstream annular duct, and a throttle. Normally, flow through the compressor is

circumferentiaLly uniform (axisymmetric), and a single non-dimensional measure of

fluid velocity determines the system state. This measure is the flow coefficient, which

is axial velocity normalized by rotor speed at the mean radius:

S0- ~(rotor speed)(1(axial velocitor s te (1

Under certain conditions, however, the flow through the compressor can become

non-axisymmetric - that is, circumferential 'waves' of perturbation flow coefficient, 30,

can exist. In this case, the system can be completely characterized by two terms: the

annulus averaged flow coefficient, •, and the circumferential perturbation on this

average at some axial station:

, = + 60(8,t), (2)

where 8 is circumferential position and t is time. Velocity waves 30 will tend to

propagate around the annulus in the direction of rotor rotation. The time evolution of

these waves determines the stability of the system. If they damp out with time, the

system is stable and will return to axisymmetric operation. If they grow, the system is

unstable and the waves will continue to grow until nonlinear effects take over--this

condition is known as rotating stall, and usually consists of one or more 'stall cells'

5



I
rotating around the annulus at a fraction of the rotor speed. 3

Recently [7,81, active control was successfully applied to this problem in a low-

speed single-stage research compressor. The experimental setup is shown in Figure 3. 3
Eight hot wire anemometers, arranged around the annulus near the compressor face,

measure the velocity perturbations. A digital computer processes these signals and

creates a feedback signal to a set of 12 movable inlet guide vanes (IGVs). The IGVs 3
are individually mounted on digitally-controlled high-bandwidth (80 Hz) servomotors.

This allows independent control of the IGV incidences, &Yk. For the wave shapes that 3
are of interest in our experiment, these 12 blade deflections around the circumference

can be considered as a continuous 'actuation wave', 3X(6,t). This actuation wave can be I
commanded in response to the measured wave of perturbation axial velocity - a g
feedback scheme which allows the compressor to operate axisymmetrically at values of

Swhich would normally be unstable to flow perturbations e(6,t). I
References [6-81 present a model for the input-output dynamics of this system,

which will be reviewed briefly in Section 1.2. Although the structure of this model 3
captures the experimentally observed behavior extraordinarily well, quantitative

prediction of system dynamics is not as yet possible a priori. Instead, experimental U

searches and parameter identification techniques are used to aid in control system I
design. Parameter identification using spectral analysis techniques allows open-loop

dynamics to be determined (7], but such methods fail during closed-loop operation. In 3
order to extend the operating range, it becomes necessary to identify the unstable

dynamics; this identification must necessarily be done during closed-loop operation. I
Information about unstable compressor dynamics is also of interest from a experimental Im
fluid mechanics point of view; such information has never before been measured.

This paper presents the results of applying an instrumental variable parameter I

identification proce4dnre to the active control research compressor during closed-loop

operation at various values of ? (some of which are unstable). The instrumental 3
6 3
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variable (IV) technique [10] was chosen for this study because of its flexibility. For

instance, it can be adapted to MIMO or non-standard systems. Also, with proper

filtering, the IV estimates can be made to approach the maximum likelihood estimates.

Finally, with careful choice of instruments, the problems normally associated with IV

identification during closed-loop stabilization can be alleviated. These issues will

presented in Section 2, after a brief description of the system dynamics. In Section 3,

experimental results will be shown for the active control research compressor.

1.2 Dynamic System Description

As described above, we assume that the system state can be completely

characterized by ? and the perturbation 80(1,t) at some axial station. ? can be fixed in

an experimental environment by a throttle downstream of the compressor. This defines

the system operating point, and 'equilibrium' is defined as axisymmetric flow, i.e.

50= 0. We are interested in the dynamics of *(8,t) and the stability of the

equilibrium point. We are also interested in the forced dynamics of this system, that is,

the transfer characteristics between 6y(et) and 30(0,t).

References [5-7] present a linearized fluid mechanical model for this distributed

system. It can be shown that this model has a modal structure which allows the system

to be 'diagonalized' as follows: If we represent the functions 80 and 38y in terms of

their spatial Fourier series:

I(,t)- n eJne

n*O

(3)

&~(6.,t) = • •n(t). ejnn,

then the transfer characteristics between ýn and ýn are completely decoupled, i.e.

n(S) = Gn(S)-n(S),I for n -....2,-1, 1, 2, .. (4)

7



I
This represents a tremendous simplification of the distributed dynamics and allows

standard control techniques to be applied. Furthermore, the system dynamics are

dominated by the lower modes; by feeding back only the first few modes (In =1,2,3), I
substantial improvement in operating range can be achieved [7,81. 1

The system diagonalization can also be represented in terms of Fourier sine and

cosine coefficients, so that all terms in the equations are real. If we represent the input I

and output functions as

I(e,t) - Yin(t)'cos(n0) + I Y2n(t)'sin(nO)I

n>0 n>O 1
.5Y(O't) = U(t)" cos(nO) + I U2n(t)" sin(nO),

n>O n>O

then the transfer characteristics become

Yin = [T(s) ].U~] o =12 6LY2n] L U2 p on l,,(6

where Tn(s) is skew-symmetric because of the symmetry of the annulus: I

] Gn(S) -Gin(S)

(7 ) n

Gn(s) = Gn (s) + j-Gin(S)

The structure of Gn(s) is predicted by the fluid mechanical model, and is best expressed

by giving the ODE for the system. Again, we can use either the complex Fourier

coefficient representation or the real MIMO representation:

"• = (G+ j-i)n.n + (br + j.bi)nn + - (8)

8I
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or, using the identities n= •(yin - j Y2n) and jn= •(Utn - j U2n):

['2n] = rs InY2n]

+ [U1,brJ[]U[flnj + [.0 Oji 2UJ (9)+bi br n1U2n g i 0 n 112nJ

These two representations each have their advantages: The complex form is compact

and contains no redundant parameters. It also automatically satisfies the symmetry

conditions in the annulus. The real system, on the other hand, is standard from the

point of view of control theory - it has no complex numbers, and the two-state nature of

the system is clear (~n consists of a phase and a magnitude, so the system (8) isn't

strictly SISO).

"The physical significance of an and qsn can be seen by substituting the

homogeneous solution to (8) into (3), for some mode n:

eJne. e(ae + 4s iin )t = ej(ne+ o6-t), ean (10)

The second equality shows that Oa6n-t alters the phase of the wave, causing it to rotate;

thus 4sn is the 'rotating stall frequency' for the nth mode. It is also clear that Fn-t

alters the size of the rotating wave in (10); thus a is the rotating stall stabilityn
parameter for the nth mode.

Techniques exist to convert these continuous state-space systems to discrete

systems for the purpose of identification using digitally sampled data [9]. In this paper

we will convert freely from continuous to discrete-time systems and back without

emphasizing the details of such conversion. The discrete-time equivalent system for

9



I
the above dynamics can be written as: 3

Y2n ý=:-;" U2n(z)

where 3
An (z) = (1 + aiz-1 + a2z- 2)n, (11)

(bh + b2 z-l)(1 + z-1) -(b3 + b4z- 1 + b5 z- 2) ] 3
Bn(z) = (b3 + b4z- 1 + b5z- 2) (b1 + b2z-1)(1 + z I) n,

z is the Z-transform variable and n is the mode number. We have also added v(k) to

model disturbances. We will be concerned here with the identification of the parameter 3
set

En =[a, a2 b, b2 b3 b4 b5]nT, n=1,2, (12) 5
The discrete-time parameters On can subsequently be converted to the continuous 3
domain, giving an, o,, br, bi, and gi in (8) and (9). We would like to accomplish this

identification task for unstable dynamics, during closed-loop stabilization. Section 2 5
describes our approach to this problem.

2 Instrumental Variable Method

The organization of this section is as follows: Section 2.1 reviews the basic IV 3
method for SISO systems. Section 2.2 outlines Young's Refined IV - Approximate

Maximum Likelihood (RIV-AML) method. Modifications to this approach necessary 5
to handle the closed loop case are discussed in Section 2.3, and modifications for

unstable plants are discussed in Section 2.4. Finally, a brief discussion of how the

MIMO estimation for the rotating stall system is efficiently computed appears in i
Section 2.5.

I
I
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2.1 Basic IV Procedure

Consider the system

y(z) = -- -. u(z) + v(z) (13)

where:

A(z) = (1 + alz-1 + a2z-2 + -.. )

B(z) = (bI + b2 z-1 + b3z--2 + .),

and v(k) represents the (possibly colored) noise corrupting the measurements. We can

build a one-step-ahead predictor for this system:
A (DTk) A
y(k) - (k) e, (14)

where:

O (k) =[-y(k-1) -y(k-2) u(k) u(k-2) u(k-2) ]T,

A A A A A A T
0 =[ al a2  ." b Ib 2 b3 .. ],I Aand the ( ) indicates prediction or estimation. The prediction error can then be written

as

e(k) = y(k) - 0T(k)-0. (15)

A
The instrumental variable (IV) method [101 finds the value of e which will cause the

error to be uncorrelated with some chosen set of instruments

ý(k) = [ýI(k) ý2(k) T. (16)

This condition can be written as follows:

N

I=Sol( 1 N (k) -e(k) =0 (17)
k=-1

where sol(.) indicates that A is the value of E for which the equation in brackets is

satisfied. Substituting in equation (15):

N

A 1 k= e s(k) ( Y(l ) _ OT Sol k = 1 1(k (18)

I 11
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The philosophy of the IV approach is this: if the instruments are chosen to be related 3
A

to the system inputs and outputs, and 0 does not satisfy (17), then there is additional

information about the input-output dynamics left in the prediction error. Therefore, a

good estimate of e should extract this information, making the correlation in (17) 3
disappear.

The solution to (18) is 3
{kX: (k)DT (k) 1 L ky(k) ~ (19)3

k=1 k=1

The IV method will have good convergence and consistency properties if the following 3
two conditions are met:

N3X (k)OT (k) nonsingular (20a)

kk=1

E (k)v~k) 10 (20b)

Condition (20a) guarantees invertibility in (19), and also indicates that ý is

correlated with the system dynamics, which is necessary for equation (17) to yield good

estimates. In fact, if ý(k)--=(k), then (20a) is satisfied trivially and the estimate 3
becomes the least-squares estimate of 9.

Condition (20b) specifies that the instruments be uncorrelated with the noise, so i
that colored noise will not corrupt the estimates. This condition is often not met in the

least-squares case ( C(k) = (D(k) ), hence the need for a different set of instruments [10].

Pre-filtered versions of the elements of O(k) are usually used in this case. Ljung [10] £
gives a complete description of the IV method, its convergence and consistency

properties, and methods for constructing instruments which are uncorrmlated with the 3
noise.

12 3
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2.2 Young's Refined Insmunental Variable - Approximate Maximum Likelihood

(RIV-AML) Technique [11]

Many filtering schemes have been proposed for constructing the instruments

4(k) in the IV procedure. Young [11] has developed a particularly attractive set of

pre-filters and instruments in the context of maximum likelihood estimation, for the

following noise model:

v(z) = D (21)

In this formulation, both C(z) and D(z) are monic, and ý(k) is an uncorrelated sequence

with Gaussian amplitude distribution over the sample interval:

S- N (0,12.I) ý = [ 4(1), 4(2), ... , ý(T) ].

In Young's approach, the input-output data is first pre-filtered, which introduces

a new set of variables:

yf(z.) =- D .y(z) ; ufRz) -- .u(z) ; f(z) B fz (22)D ~-C y A uz)

Young shows that, with these definitions, the maximum-likelihood estimate can be

stated as the solution of an IV problem:

N -1 N

k=1 k=l

where (23)

(k)=[-yf(k-l) -yf(k-2) ... uf(k) uf(k-l) uf(k-2) ...

and

TOf(k) = [-yf(k-1) -yf(k-2) ... uf(k) uf(k-l) uf(k-2).-. ]T,
A

In other words, if the above defined variables and instruments are used, then ( is the

maximum likelihood estimate. This is called the refined IV, or RIV, estimate.

Of course, the polynomials A(z), B(z), C(z), and D(z) in equation (22) are not

known a priori. Initial estimates of these must be made, and the RIV method applied

13



AI
iteratively to improve the estimates The parameters in 0 ,onsutute the updaes for A

A
and B in such a scheme, so iteration on 8 is sufficient as a search on the maximum,

likelihood estimates of A and B. C and D. on the other hand, are no( estimated b) the 5
procedure. Therefore, an estimation algorithm for C and D must be added to the

Iiteration.

Young provides an approximate maximum likelihood approach to do exa:cdv5

that. It provides a way to estimate C and D, based on the current estimates of A. B, C,

AA
and D. The basic philosophy is to form an error term based on the current estimaies A [

and B. This error term is then considered to be the output of a dynamic system dn,,en

by white noise, and the dynamics are estirr -ed using a procedure sirmlar to the RIV 3
procedure described above. The specifics of this procedure. called approximate II
maximum likelihood (AML), are as follows;

We first take the prediction error e(k) in (15) as a measurement of ,tky 3
B(zivz) = y(z) - z.u(z )

A A

SvJz) = y(z) - y(z) (24

The dynamics in (21) are then written e tz).
A

D(z)- %4vz) = C(z) -(z). (25) 1
A 'one-step-ahead predictor' for this system isA TA

v =,k T - r (26)1

where: I
A A TS=[ -V~k -l -vk-2) .. . ý(k -l1) ý(k-2)

rt=[d, d2 - c c 2 .. (27) C

I
14!
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3 To compute an approximate maximum likelihood estimate of the noise system, prefilter

as follows:

A A
V(k)- =A %ýk)

A (28)
'f(k) ="Z -(k) ="x-'V•(k)

C(z) C(z)
The estimate for the noise model is then:

N 1-I 1 N]

YIkoTk [ Akvk)]
k=l k=l

where: (29)I(k)=[ -vt(k-l) -vf(k-2) ... Zf(k-i) ýf(k-2) . T. IT

The notation here has been made as similar to the WV notation as possible, to show the

parallel between this procedure and the RIV procedure described above. Note that we
A A A A A

use some set of past estimates A, B, C, and D to allow us to best estimate q, which is

the updated estimate for C and D. Young gives more detail about the properties of the

estimates, and also gives a recursive algorithm for its application.

We now have an estimation procedure for C and D, which can be integrated

into the iteration for the maximum likelihood estimates of A and B. The complete

RIV-AML recursion algorithm, then, is [11]UA^ A A

1. Begin with initial estimates for A(z), B(z), C(z), and D(z).

A A
2. Use the AML procedure (equations (24)-(29)) to update C and D.

A A
3. Use the RIV procedure (equations (22)-(23)) to update A and B.

A A
4. Go to 2, repeat with the new values of A and B.

One purpose of the filters in equations (22) is to eliminate as much as possible

the effect of the colored noise on the outputs. Such 'pre-whitening' attempts to insure

that yf(k) is uncorrelated with the disturbances v(k). yf(k) must be uncorrelated with

15



I
v(k) in order to satisfy equation (20b), because yf(k) is a part of the instruments. The 3
filtered inputs uf(k), which make up the remainder of the instruments, must also be

uncorrelated with v(k) in order to satisfy equation (20b). During open-loop operation, 3
this condition is automatically satisfied, because ý(k) in equation (21) is uncorrelated

with u(k). During closed-loop operation, however, v(k) and u(k) are correlated (this

will be shown in the next section). The above method must, therefore, be modified for 3
closed-loop identification. This is the subject of the following section,

2.3 Choice of Closed-Loop Instmnents I
Figure 5.3 shows the layout and notation for closed-loop operation. The system 3

dynamics remain as in equation (13). In addition, we introduce the external input

signal, r(k), and the following feedback law: 3
u(z) = Gs(z). [ r(z) - Go. y(z) 1, (30)

where G,(z) and Gs(z) are rational transfer functions representing dynamics in the

feedback and forward path. For the rotating stall controller, these dynamics are well

defined, so here we will assume that they are known. Since y(k) is corrupted by v(k),

u(k) will now be correlated with the noise, and equation (20b) will be violated: 3
u(z) = Gs" (r(z) - G. A .-u(z) + vAz))),

k= I

because ý(k) contains u(k). This is a very real problem which does not constitute a

mere theoretical technicality. In a high-gain feedback situation such as occurs during I
stabilization of unstable dynamics, it renders the IV methods described so far useless.

Fortunately, these methods regain their applicability if the proper substitutions are

made to insure that the instruments fulfill equations (20). 3
References (12] and [13] discuss in detail the problem of closed-loop estimation,

1
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and the methods they describe will be used here. The idea is to replace ( y(k) , u(k)

in the computation of the instruments with some J yc(k) , uc(k) ) which are highly

correlated with their respective counterparts (condition (5.20a), but which are

uncorrelated with the disturbances (condition (5.20b)). The two methods used to

accomplish this are described below. In both cases, we assume r(k) is a known external

I excitation.

Method I: Test-Repeat (TR) Instrumental Variable

This method, introduced in [12], achieves uncorrelated instruments by repeating

I the experiment twice, with identical r(k) in both cases. The measured inputs and

outputs for the two tests are denoted I u(k) , y(k) } and ( uc(k) , yc(k) }. The

procedure is to use one of these input-output pairs to compute the instruments, and the

other to compute the estimates. The RIV-AML estimation proceeds exactly as

described in Section 2.2, using ( uc(k) , yc(k) ) to compute the instruments and

{ u(k) , y(k) I to compute the parameter estimates (The roles of the two input-output

pairs can be switched).

Using identical r(k) in the two tests insures high correlation between the

instruments and the measurements, and poses no particular difficulty in a digital control

environment. Also, because v(k) and vc(k) are incurred at different times, they are

uncorrelated, which means that the instruments (from the first test) will be uncorrelated

with the disturbances (from the second test) even if the system is operating closed loop.

Reference [12] proves these claims, and discusses the consistency properties of the Test

Repeat (TR) method.

Method II: Noise-Free (NWh Instruments

Both [12] and [13] discuss this method, which uses noise-free (NF) simulation

of the test to generate the instruments. In this case ( uc(k) , y'(k) ) comes from a

simulation, using an a priori estimate of the system dynamics (i.e. E). vc(k) will thus

17
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U
be identically zero. The same input r(k) is then applied to the real system to get I
( u(k) , y(k) ). The RIV-AML algorithm can now be applied, using ( uc(k), yc(k) } to

compute the instruments and { u(k) , y(k) } as the measurements (in this case the roles U
of the two input-output pairs cannot be switched).

The same reasoning applies here as in the TR case. The noise-free instruments

will naturally be uncorrelated with the noise from the experiment (condition (20a)). U
The degree of correlation between the instruments and the measurements (condition

(20b)) will depend on the accuracy of the a priori estimate of the system dynamics, but 5
(except in trivial cases) some correlation will exist. Closed-loop operation changes

none of these observations. [12] and [131 discuss NF estimation more rigorously.

2.4 Modification of the RIV-AML Prefilters for Unstable Plant Dynamics

The test-repeat instrumental variable (TR/IV) and the noise-free instrumental

variable (NF/IV) methods allow identification of system dynamics during closed-loop

operation, even when the plant is unstable. Experience with these methods has

suggested, however, that the covariance of the estimates can be large for standard

choices of instruments. Therefore, we have combined the TR and NF methods with the 3
RIV-AML method to obtain more accurate estimates. If the open-loop plant is stable,

this presents no problem: the hybrid techniques, termed TR/RIV-AML and 3
NF/RIV-AML, can be synthesized without additional modifications. However, if the

open-loop plant is unstable, many of the prefilters required by the RIV-AML procedure

(equations (22) and (24)) are also unstable - they contain I which is unstable if I
implemented as a causal filter.

To use the TR/RIV-AML and NF/RrV-AML procedure when the open-loop 5
plant is unstable, we must modify the prefiltering scheme to avoid filters which are

unstable. This problem is primarily one of understanding the prefilters in the context of I
the maximum-likelihood (ML) problem, and applying them properly. To develop the

18 3
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RIV-AML method, Young [11] first writes the log-likelihood function for the

observations y(k), and then reduces the ML problem to the minimization of the

following term:

L- B T ID B

The RIV and AML prefilters are then formulated by writing d/dai = 0, oL/dbi = 0, etc.

1Thus the prefilters contain 1_- because the log-likelihood function contains the
A

A
prediction error (y - B__-. u).

A
When the closed-loop system is stabilizing an open-loop unstable plant, we are

faced with the following problem: y(k) and u(k) are 'stable' signals; that is, their

Z-transforms y(z) and u(z) converge on the unit circle (Izi = 1). But B(z) is

unstable; that is, it is the Z-transform of a causal impulse response, and it contains

poles outside the unit circle. Given these conditions, can we compute an estimate of

y(k) based on u(k), A(z), and B(z) alone? If we can, then the prediction error can be

formulated, and the prefilters necessary for the RIV-AML procedure can be found.

To answer this question, consider our system representation (13,21):

y~)=B(z) C(z) (1

We can break A(z) into a polynomial whose roots are stable, times a polynomial whose

roots are unstable:

A(z) a As(z) . Au(Z), (32)

where:
As(z) = f(I -vj* "-1); fIvjI<,

Au(z) = 1(l-.z--; -Pil -1.
i

This factorization of A(z) allows us to rewrite (31) to reflect the possibility that the
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a
noise dynamics are affected by the unstable poles: I

B(z) E(z) ((33)

Au(z)AS(z) . Au(z)F(z)

where E is defined such that C E Generality is retained in this

formulation because E(z) cancels any poles of Au(z) that are not part of D(z). The

transfer function -- is stable if the system is stabilizable, so we can write: 3
y(z)= 1 B Bz) .u(z) + ](z) 1 (34)

- Au u 4 -(Z)

where q(z) is bounded for Iz= 1, because of the car conditions on As (stated in (32)),

E-r-- (stated above), u(k) (its Z-transform converges on the unit circle), and 4(k) (stated

after (21) - the important point being that 4(k) is a finite-duration (windowed)

sequence). We have also specified that a feedback system is stabilizing the plant, so

that y(z) converges for zl-1=. Thus, by studying (34), one concludes that q(z) must

contain zeros which cancel the unstable poles of I-. We write this condition as
u

follows:

q(z) = Au(z). w(z) 
(35)

y(z)= A I M •. [Au(z). w(z)]. I
u

where w(z) also converges for Iz I=1. The pole-zero cancellation implied by (35) can 3
be derived constructively (although somewhat tediously) by writing the closed-loop

transfer function from any external signal (such as r(z) or 4(z)) to y(z).

The representation (35) can be used to motivate a filtering scheme as follows:

A is the (two-sided) Z-transform of at least two distinct impulse responses [14]: 5
u

1) a causal, unstable impulse response, which we will call hc, and 2) an anticausal, 3
stable impulse response, which we will call hac* The Z-transform of hc converges in

the region of convergence (ROC) I z I >max(pi), while the Z-transform of hc converges 3
20 3
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in the ROC lzJ<min(pi) (see Figure 5). The ambiguity of the Z-transform is usually

cleared up by invoking causality: because (31) represents a causal dynamics system,

we know that the physically meaningful inverse of 1 is h (k) and that theAu(

convolution corresponding to (35) is:

y(k) = hc(k) * [hA(k) * w(k) (36)

where * indicates convolution and
hc (k) =__ z-l{ 1 W ROO: Iz I>max(pi),

Au(Z

hA(k) Z-{ Au ) ROC: all z.

As we have noted, hc(k) is causal, but because the poles of A lie outside
u

the unit circle, hc (k) grows without bound as k --. However, it can be shown that

the causal, unstable impulse response hc(k) can be replaced by its anticausal, stable

counterpart hac(k), if a pole-zero cancellation such as (35) occurs. We can write this

statement as follows:

hac(k) * A) * w(k) hc(k) *[ hA(k) *w(k) (37)

where

hac (k)=Z1 I1 ROC: I z <min(pi).
u

Note here that the ROC overlaps the unit circle. Computing the inverse Z-transform

over this ROC results in an impulse response which is bounded for all k [14]. Thus we

expect that replacing hc with hac will yield a stable (although noncausal) way to

predict y(k).

Substituting (37) into (36), we have the following equation for y(k):

y(k) = hac(k) * [ hA(k) * w(k) ]. (38)

Since all of the sequences in this equation are stable, their Z-transforms exist on the
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a
unit circle, and we can convert back to the Z-domain: I

Y(Z) A I AuZM I ac" [A u(Z)" -~ ) WWI
1

B(z)y .u (z)+

= " Az)"sn + D(z) snc3(Z)"

A
Sy (z) = 

(39)
A(z) snc

where we denote the Z-transform of h as 1 , to distinguish it from the
a u(Z7ac 5

Z-transform of hc' The operations between transfer functions implied by (39) are valid

for the transfer functions and signals we have defined, because they all converge on the 3
unit circle. The subscript 'snc' is used to indicate that we will use a stable, noncausal

time-domain implementation of the filter - the anticausal part coming from the unstable 3
poles, and the causal part coming from the stable poles. Figure 5 is an example of the
regions of convergence associated with I and the corresponding impulseI

responses. I
We have shown how the transfer function between u(z) and y(z) must be altered

when the open-loop plant is unstable. It can be shown that all of the filtering and 3
prediction described in Sections 2.2 can be similarly altered, without changing the

maximum-likelihood results of Young [11]. Thus, our scheme is noncausal when the I
plant is unstable, and must be implemented off-line, but otherwise it proceeds as

described in Sections 2.1-2.3, with I replaced by

2.5 Application to the MIMO Rotating Stall System I
The rotating stall system described in equation (11) is both multi-modal and I

MIMO. The multi-modal nature of the system requires dynamics to be identified for

each mode number n. This identification can be done mode-by-mode, since the 3
dynamics are decoupled. equation (11) also shows that each mode constitutes a

2
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two-input two-output system. This adds complexity, but otherwise requires no

modification to the procedure. Some specifics of the rotating stall analysis will be

given, as an illustration and to demonstrate an algorithmic simplification.

The one-step-ahead predictor for the system described in equation (11) is:
A

AYin 1 - (k).®E
Y2n k  n n

where: (40)

r 'Tn
[yl(k-1) yl(k-2) u1(k)+ul(k-1) ul(k-l)+u1 (k-2) -u2(k) -u2(k-1) -u2(k-2)]

[y2(k-1) y2(k-2) u2(k)+u2(k-1) u2(k-1)+u2(k-2) ul(k) ul(k-1) ul(k-2)]n!

= [ [a a2 b, b2 b3 b4  InT,

The instruments must match the dimension of the measurement matrix:

F'n ]=F 11 (k) tý21 (k) ... C71(k)1 T (1L 1n 12(k) g22(k) ... 72(k) n(41)

equations (17) through (28) proceed as before, with the understanding that the

summations now contain matrix multiplications rather than scalar and inner products.

equation (19) can be made more efficient computationally by breaking up the matrices

n(k) and On (k) into their constituent vectors. The resulting solution to the IV problem

is as follows:

() n = I 'Clholn+ 1ý2n. @Tn ]'1. Xln + X12n.n (42)

where subscripts k have been suppressed.
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I

3 Results and Discussion I
The techniques described above were used on data collected from the active

control research compressor. The pressure rise - flow coefficient characteristic for this

compressor is shown in Figure 6. Points below =-0.45 are unstable, so these data I
points are taken with the system operating in closed ioop. Data points in the stable

regime can also be taken in closed loop. This has been done and the pressure rise of 3
the compressor is essentially unaffected by the controller.

A typical closed-loop IV parameter identification experiment is conducted as I
follows: First the control system is initialized and closed loop operation begins. Next

the downstream throttle is used to manually set the flow coefficient to the value at

which the test will be run. This may or may not be an open-loop unstable operating 3
point. The external signal [rl(k) r2(k)]n is then applied, and measurements are made of

[ul(k) u2 (k)]T and [yI(k) y2(k)]T. The test can then be repeated for the TR method. I
n n

The complete data set is then put through the TR/RIV-AML procedure or the

NF/RIV-AML procedure described in Section 2. Estimates of A, B, C, and D are I
needed to initialize these algorithms. Typically the procedure is to use estimates of A,

B, C, and D from a more stable ? as initial guesses for a less stable ?.

Numerical results appear in Tables I and H, for operating points between

= 0.40 and ý = 0.55, for n=l and 2. Also shown for comparison in these tables are

parameter estimates obtained using the spectral estimation techniques described in [7] 3
(during open-loop operation above ? = 0.45).

A portion of a typical data set appears in Figure 7, taken at • = 0.40 for a mode I
number of one (n=l). The command is a band-limited pseudo-random binary signal of

magnitude 100 on each channel of the input vector [r, r2]T. The bandwidth of the input

is limited to ow = 1.1 (50 Hz), which is about five times the natural frequency (0n1) of I
the system. The actual IGV deflections, [u, u2]T, are responding to both this command
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and the feedback signal, as shown in Figure 4 and in equation (29). It is apparent from

the differences between [r r2] T 1 and [u1 U21nT that the feedback signal is a major
T

part of the excitation to the system. The outputs [Yi y2]n=1 are also shown in Figure 7.

An important ztep in a parameter identification procedure is model and

parameter validation. Here we present several results which indicate that the system

structure and identified parameters do in fact model the system well. The first is

shown in Figure 7, where a simulation based on the parameter estimates is used to

predict the values of uk and Yk' This is nZ the output of a one-step-ahead predictor,

which would rely on past measurements to make the prediction. Rather, it is a

simulation based solely on rk, the identified parameters for ? = 0.40, and the controller

and sensor dynamics. The fit is quite good, even though the simulation is noise-free,

while the experiment is not: uk and Yk in the experiment are responding to excitation

noise in the compressor. Fits of this quality can be gotten regardless of whether the

data to be fit is used to get the estimates. Since the noise free simulation results are

used as the instruments in the NF/RIV-AML method, Figlire 7 also serves to validate

that a high degree of correlation in fact exists between the instruments and the

measurements.

The closed-loop IV methods (TR/RIV-AML and NF/RIV-AML) are designed to

operate in a regime where the spectral estimatation procedure presented in [7] gives

poor results - that is, during -stabilization of unstable operating points. However,

closed-loop data sets can be taken at flow coefficients which are open-loop stable.

Such tests can be used to verify that closed-loop IV methods properly account for the

loop closure and still provide good estimates. Figure 8 shows the results of such a test.

A spectral estimate (based on open-loop data, using the techniques in [7]) is compared

to both a TR/RIV-AML and a NF/RIV-AML estimate (based on closed-loop data).

Good agreement between the frequency responses is obtained. This agreement is

important, because N-based estimates of G n(s) not only use the estimated parameters,
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I
but also assume a certain model structure. Since spectral estimates are parameter-free 3
and assume no specific model structure, this comparison verifies both the parameter

estimates and the model structure.

Finally, the estimates of the parameters from various methods can be compared

graphically, to see if the trends with ? are smooth. Figure 9 shows al and wr, as a

function of flow coefficient, plotting spectral, TR/RIV-AML, and NF/RIV-AML results

on the same plot. Within reasonable error bands, all of the estimation methods yield

the same curves. 3
The data presented here are a small sample of the data taken, and are intended

only to demonstrate the practical applicability of the identification methods. A 1
complete presentation of the data, together with detailed discussion of the physical

significance of the parameter estimates, appears in [7], and requires a more complete I
description of rotating stall modeling. For this discussion, the relevant conclusions of 3
the experiments is that the methods presented here yield consistent, accurate results,

with good convergence properties and little sensitivity to the stability of the plant. 3
Established prediction error methods, such as those provided in [10], have similar

properties (for the data sets tested). These methods utilize nonlinear search schemes to I
minimize prediction error, instead of the least-squares type approach utilized by IV I
methods. Only a thorough comparison of these two approaches would allow one to

judge their relative merits. Wellstead (16] also discusses a scheme for non-parametric

estimation of forward-path transfer functions during closed-loop operation. This

method would allow one to deduce the desired plant dynamics (using transfer-function 3
fits to the non-parametric estimates [7]), if sufficient care were taken to model other

contributions to the forward-path transfer function. Again, the relative merits of I
Wellstead's method and the method presented here can only be determined by a

Ithorough comparison.
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4 Conclusions

By combining various extensions to the basic instrumental variable approach, a

scheme for estimating parameters in an unstable system operating closed-loop has been

developed. This scheme was successfully applied to a model for the distributed

dynamics of an experimental axial compressor. Thus the usefulness c: the procedure

and the validity of the model were both verified experimentally.
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I Table I - Parameter Estimates, n=l

Spectral Estimates (from [7])

a 4S b, bi g1

0.475 -6.27 67.29 -4.81 2.03 -0.055
0.500 -15.58 71.71 -5.55 2.18 -0.061
0.525 -26.50 65.98 -5.70 1.05 -0.059
0.550 -36.37 50.81 -5.57 -0.84 -0.059

NF/RIV-ANL Estimates

0.400 5.50 52.27 -3.00 1.01 -0.029
0.425 0.61 56.99 -3.10 1.36 -0.033
0.450 -1.62 63.54 -3.56 1.49 -0.039
0.475 -4.96 66.42 -3.91 2.14 -0.044
0,500 -13,50 67.20 -4.75 2.14 -0.050
0.525 -26.27 60.36 -4.90 1.17 -0.051

I TR/RIV-AL Estimates

a 4r br bi g1

0.400 4.95 55.15 -3.19 0.90 -0.036
0.425 1.26 59.86 -2.80 0.80 -0.035
0.450 -1.79 63.32 -3.69 1.50 -0.038
0.475 -4.88 68.53 -3,97 2.03 -0.044

II
I
I
I
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Table [I - Parameter Estimates, n=2 3
Spectral Estimates (from [71)

a 0 4s br b, gi

0.475 -32.46 157.37 -11.57 -0.54 -0.048
0.500 -52.38 168.26 -12.68 -1.28 -0.050
0.525 -77.44 188.59 -15.93 -2.16 -0.0600.550 -93.17 181.28 -16.36 -3.76 -0.065

NF/RIV-A.ML Estimates 5
a 4 b br g1

0.400 -4.40 137.44 -8.07 0.91 -0.038 3
0.425 -13.42 144.45 -9.12 0.62 -0.042
0.450 -27.63 152.40 -10.27 0.13 -0.044
0.475 -36.97 157.67 -11.24 0.01 -0.047
0.500 -49.78 159.42 -11.36 -0.22 -0.044
0.525 -75.22 152.07 -11.34 -2.16 -0.041

TR/RIV-•kML Estimates I
a 4s br bi gi

0.375 0.91 123.16 -7.28 0.63 -0.057 3
0.400 -3.42 137.27 -7.90 1.01 -0.039
0.425 -13.31 144.14 -8.91 0.60 -0.041
0.450 -24.81 151.65 -9.94 0.17 -0.043
0.475 -37.48 158.56 -11.27 -0.25 -0.047

II
I
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Figure 1 - Typical pressure rise characteristic for an axial compressor

Figure 2 - Schematic of the active.control research compressor. A- inlet duct,
B- IGVs, C- compressor, D- exit duct, E- throttle

Figure 3 - Hardware components of the active control research compressor

Figure 4 - Feedback loop layout and notationI
Figure 5 - Example of different impulse responses associated with the same

transfer function. The inverse Z-transform of A(z) can be computed
over any of the three regions of convergence (ROCs) shown (I, II, or
MII). The impulse response in each case is the sum of the truncated
exponentials at right.

Figure 6 - Pressure rise characteristic for the active control research compressor

Figure 7 - Results of a typical identification run. Solid lines are experimental
data, dashed lines are predictions based on the parameter estimates

I (noise-free simulation) ý = 0.40.

Figure 8 - Comparison of spectral estimation results [7) and IV parameter
identification results. Solid line is an empirical transfer function
estimate, dashed line is a transfer function derived from parameters
which were identified during closed-loop operation. ? = 0.475.

Figure 9 - Parameter variations with flow coefficient. o.-.Open-loop parameteriestimates (from [7]); *.-.TR/RIV-AML results; x.-.NF/RIV-AML
results.
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Figure 5 - Example of different impulse responses associated with the same
transfer function. The inverse Z-transform of A(z) can be computed
over any of the three regions of convergence (ROCs) shown (I, II, or tE).
The impulse response in each case is the sum of the truncated
exponentials shown at right.
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Aggendix
Frequency windows typically used in specaral analysis idenuficacon proced•res are

characterized by the following:

iti

1~3'{d 3Y frW "~ f•W•)d---23
It Z T

I=-ýd C, (y) fW=ý~ 1 W(-,,)

A Hamming window is defined as follows: 3

si + i

where D-o)=

sin

N : Large y gives small bias but high variance for the estimate, while the converse is trme for

wide windows. I
I
I
U
U
I
U
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IABSTRACT me dimensionless mass of gas in plenum; m - PpVP/PV
mc dimensionless slope of compressor speed line; mc -

Recent work has shown thiat compression systems can be rnr., dunesiortless slope of equivalent compressor speed line
actively stabilized against the instability known as surge, therebyfomdb mpe rinsiswthcs-ouldvv;I ~ ~~~realizing a significant gain in system mass flow range. Ideally, thoidbscmrso t ee it ls-ouldvle
surge stabilization requires only a single sensor and a single actuator 1ce .0 M"C - I=
connected by a suitable control law. Almost all research to date has rn-1  dimnensionless slope of thOtte pressur, drop versus nlow
been aimed at proof of concept studies of this technique, using various chatracisnc= mrr - iI(/0r/ýv
actuators and sensor combinations. In contrast, the work reported. mr, dimensionless slope ofeqwivalent throtle charateristic for
herein can be regarded as a step towards developing active control inlto parallel cornlination of throtle and plenum bleed valve;
a practical technique. In this cotntext, the paper presents the first -T
systematic definition of the influence of sensor and actuator selection
on increasing the range of stabilized compressor performrance. The MT ieletpMahnmr M -U 1 fa
results show that proper choice of sensor as well as actantor cruczially P absolute pressure
affects the ability to stabilize these systems. and that, overall. those Pp plenum pressure ratio; Pp pp / pa
actuators which are most closely coupled to the compressor (as Q beat release rate
opposed to the plenum or throttle) appear rnost effective. In additionl. Q' dimensionless heat release rare; Q * Q/ paUTAc~j,,,
the source offthedisturbances drivng the system (for example. R gas consrttfor ideal gmsR -CP -C,
unsteady compressor pressure rise or unsteady combustor hear I alc 110MVral
release) has a strong influence on control effectivness, as would be $ Lpaetasomvral
expected for a controls problem of this type. This paper both AT total temeauers co opurI delineates general methodologies for the evaluaoion of actve aT0c dimensionless total tempera~tu rise across compressor.
compressor stabilization strategies and quantifies the performance of %T; s iATc / Ta
several approaches which might be implemented in gas turbine t time
engines. tw~ first order constant for movable plenum wall

ti. dimiensionless firs order lag time constnt for movable
NOMENCLATURE plenum Wall. ter- t.,,wj

U control input signal

a Wped of sound UT: impeller tip speedIAc compressor flow through are vW veiucity of movable wall
A~, area of movable plenum wall V slope of valve charactrinstic; V - dI0 o
B compiresso stability pammreter. B - (Ur/1.aI ivTCZ Vie~) dimensionless plenum volume; VO a VV

Cp specific heat at constant pressure V dimensionless commandted lrae of change of plenum Volume
C, spcfcheat at constant volume Wb" dimnsones onts relating changes in plenum volume to
E energy of gas in plenum plenum pmvessar W .- 4p
E* dimensionless energy of gas in plenum; E* -X vecto of system stattes

C1 T prprinlpn i VCs a le valve fracton open
L eqialn fleap; L f Ac/Axd PI v a m close-coupledvalvefraiction open

maso a npeu ()d 1 eie cmrne)vlefatoioe
ImejdS h neng"G*Triew em n *sei i [Ptb



y rato of specific hears Moving Wall
S damping ratio 2No Cortrol

Sdimensionless rate of change of plenum volume;

p density
odimensionless time- t = ttuH Downstream Throille

0 flow coefficient; rh / pUTAc & Plenum Pressure
(D function giving dimensionless flow through valve as function

of pressure and valve area

Wi, Plenum pressure coefficient; V~ CL _______

Wv/j mass injector supply pressure coefficient;
Wi 0j (00j PA)/(J p U 2)j

'Fcc dimensionless totapressure drop across close-coupled valve, 0.0 0.A 0.2 013
Fcc(4,'€) Mass Flow,

TPC dimensionless pressure rise vs. flow characteristic of
compressor. 1Y,(0) Fig. I: Centifugal compressor flow range using different control

schemes (data of Pinsley et al. (1991). Gysling el ia, (199 1),
A4'1 downstream injector characteristic, 'Fd - V02 - Woj and Simon (1992))
,ATQ upstream injector characteristic, WFu = I0 I -/oj
(DR Helmholuz frequency,

Co, filter cut-off frequency feedback path. The studies also showed that a lumped parameter
model of the pumping system captured the essential dynamics of the

Ssurge process in the machines investigated, and this will be the
A perturbation quantity approach taken here.

first derivative with respect to time For example. Fig. I shows experimental and analytcal

second derivative with respect to time results taken from Pinsley et al. (1991) and Gysling et &1. (1991).
- time mean quantity compared to the results for no control. All the results art for a

centrifugal turbocharger at a pressure rato of roughly two. The
Subscrints surge point without control as well as with feedback is also
a ambient indicated. An active compressor stabilization system conceptually
b bleed valve consists of sensors to detect fluid disturbances within the
c compressor compression system, acuzators to introduce desired perturbations,
cc close-coupled valve and a suitable control Law connecting the two. Theoretically, surge

j injector jet requires only a single sensor and actuator, with many choices
p plenum available for their type and locaIm Sensors may measure
T throttle or impeller rp pressure, mass flow, velocity, or temperature within the compressor

I compressor duct inlet duct upstream or downstream of the compressor. in the plenum, or
2 compressor duct downstream of injector at the throttle. Similarly, mere am many methods to inanduce
0 total unsteady fluid perturba.ions: varying thnxtle area. moving a

plenum or duct wal introducing or bleeding off mass flow, varyingthe heat addition in the plenum (when it is a combustor), as well as

INTRODUCTION introducing a variabl" throtde between the compressor and plenum,
to name a few. A representative list of sensing and actuanon

The stable operating regime of a compressor installed in a jet options is shown in Table 1.
engine (or any pumping system) is often limited by the onset of large
amplitude fluctuations in mass flow and pressure rise known as TABLE I
surge. Due to the loss of performance and thrust, as well as possible TABLO O
mechanical and thermal loads, surge is an important factor in SENSING AND ACTUATION OPTIONS CONSIDERED
compressor design and operation. Actuation Sensing

Surge is understood to be the lowest order natural oscillatory A... . ,
mode of the compression system (Oreitzer, 198 1) and experiments Injection in compressor duct Inlet mass flow
show that small amplitude, linear disturbances can quickly grow into Valve close-coupled to compressor Plenum pressure
large amplitude, fully developed surge (Fink. 1991). Epstein, Ffowcs
Williams, and Greitzer (1989) proposed that surge could be prevented Plenum bleed valve Compressor face Pta
by actively damping these disturbances while their amplitude was Plenum heat addition Compressor face P'W'
low. In th•s approach, the unsteady pertmbanons ar directly d
influenced and the mean operating parmeters are virtually unaltered. Varable plenum volume Plenum tmperaure
Epstein et aL gave some discussion of the mechanism of this Variable inWet geometry
stabilizadon and commented that various feedback schemes actually Fast inlet guide vanes
differ in how the instability is suppressed.

Active stabilization has now been demonsatred experimen. Tangential inet injection
tally for centrifugal compressors by severl investigaor, for Auxiliiary compressor stage
example. Ffowcs William and Huang (1989) and Pinsley et al.
(1991). Oysling et al. (3991) also showed that significant gains in Plenum mass injection
mass flow range can be realized using tailored strucaure to provide the Inlet duct bleed ,,_i
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The central tenet of this paper is to show that sc!ecion of
sensor and actuator type and location is a critical factor in detemining Compressor Throtne
the effectiveness and practicality of" an active stabilztion system.
Because of the practical interest in this question, the paper presents a
methodology to compare different implementation alternatives, as
well as carries out this comparison for a number of candidate Plenum
strategies. Describing the performance of such an actve compressor
surge stabii~zation system is complex in that them am many sensor-
actuator pairs conceivable. When coupled to the compressor, each t
forms a different physical system, with differing dynamic behavior,
physical limiations, and overall performance. The steps included in Inlet Duct
the comparison of different conto'l strategies are thus as follows:
" Analytical models of specific systems am developed to elucidate

the relative performance sensitivities to non-dimensional system

"* Numerical calculations am carried out to quantify the lUrits to Close-Coupled

control of various sensor-actuator pairs when connected by a Valve fI simple proportional conto~l law."* Optimal control theory is used to evaluate the physical limits to
control given perfect measurements of the system state.

It may be useful here to mention two factors that bear on the 0 (b)

overall viewpoint and scope of the present work. First, we note thatI
the general problem of actuator/sensor selection has been considered

by a number of researchers in other applications (see, for example.

Norris and Skelton, 1989; Schmicendorf, 1984; Muller and Weber, Sensor
1972). These previous approaches provide comparisons based upon
somewhat abstractly defined performance indices. For the present
purposes. it was thought useful to obtain quantiaive comparisons in a Controller
manner which is more closely related to the concepts and thinking of
the turbomachinery community. The methodology followed hem was Fig. 2: Lumped parameter compression system: (a) no control.
developed to this end. (b) w: sen p nrineter cose-on valve actuator

Second, the goals of this work ae to make clear the large (b) with sensor in inlet and closecouple vave actuator
influence that implementation (sensor-actuator selection) has on the control system

effectiveness of active compressor control and to elucidate physical
lirmitaons on active conrol. We thus do not consider all possible
active control systems but select those which may be most readily determining control effectiveness.

implemented in various gas turbine systems. To describe actively contolled systems, we must account for
the influence of actuators on system performance, represent sensor
measurement and incorporate a feedback law. Each choice of

COMPRESSOR SYSTEM MODELLING FOR CONTROL sensor-actuator pair results in a distinct system whose dynamics can
differ widely. Because the detailed derivaton of the system equations

We use a standard lumped parameter model of compression is fairly lengthy, we shall derive the characteristic equations for one
system dynamics (Greitrer, 1981) following the geometry of Fig. 2a. particular system in order to illustrate the We, and then only present

This model incorporats the following assumptions: one-dimen- results for the other systems.
sional, incompressible flow in the compressor duct. compressor Suppose a total pressure probe at the compressor inlet is used
considered as a quasi-steady actuator disk; pressure in the plenum is as the sensor, and a valve which modulates the compressor exit are3 is

spatially uniform but varying in tim and flow velocity is negligible; selected for the actuator. This actuator will be referred to as the cose-
thrd le behavior is quasi-steady. The temporal (,) behavior of the coupled valve (Fig. 2b). The basic model of Fig. 2a must be modified
non-dimensional plenum presure rise (V) and nondm siona mass to include the valve pressure drop in the compressor duct momentum

flow (or flow coefficient) (M) can then be described as: balance. Because the instantaneous mass flow through the
Scompressor is the same as the flow through the close-coupled valve,

d$ B ('Fc($) the equations tha describe the system am now:

.dIc (1 d-*(•

(- 14 -011(7 )) d -t BF - V))

dc B (ib)4y 1 0-Q w
for the system without active control. Equation (It) expresses a one- dy B (2b)

dimensional momentum balance in the compressorn u ct E quaton Compaison with Eqs. (1) shows that the original system has been
(lb)~~~~~~~~ ~ ~~~~ rerasa aoaacefrterlnm hecmrssra ted by the introduction of a control wm TFcr(€, o), which

chaacteristic. (). gives the non-dimensioal compressor pressu represents the pressure drop through the close-coupled valve as a

rise as a function of the flow coefficient. 0, and the throttle fnction of flow dtrmgh the valve, 0. and valve fraction open, am.
characteristc Or(W), repres)e, s the trottle pressu drop* T&L non- To include the sensor meas'u.tr nt in the model, the following ouinu
dimensional quantity B, defined as (U/•) :7, can be equation is formed:
regarded as a measur of the ratio of plenum compliance to duct
inertia. B will be seen to be of csi le iptwrance in V0 - 'Fee (W, a=) - Tjc() + V

3



TABLE 2
OPEN LOOP TRANSFER FUNCTIONS

(Numerator shown in Table; Denominator. D(s). given below)

Actuator Closi-Coupled Valve Plenum Bleed Valve Moveable Wall
Sensor .... ... ...... ... ..___ ___ __ __ __ _ __ ___,,,__

Compressor BT s ÷ -YL EL
Mass Flow Bmru D(s) D(s)

D(s)

Plenum Pressure T" Y- (s - BW (s- Bin 3
D(s) B D(s)-. D(s)

Compressor Face -s 1 s
Total Pressure B.rT_ D(s)

D(s) D(s)

Compressor Face -Ts- 2B . + 3±.)S t Y- (3+20) -W (s + 20B)
Static Pressure Brere) mTe1 D(s)

lD(s) D(s) 3
D(s) -s 2 + ÷I-- B-- Bc) +s÷ (1- 5[BmTe ~c rore,

which expresses the total pressure. W02. at the compressor face, as a drop versus flow characteristi, and T - - toct relates changes in

function of the save variables, a ,. and the input variable a.- valve area to valve pressure drop. I
For small perturbations from equiiibrium which we denote as Open loop transfer functions for thr e different actaors and

and iý. the system dynamics and measturment equation can be four different sensors illustnated in Fig. 3 are presented in Table 2.

approximated by the linear system The transfer functions for all the sensor-actuator pairs in Table 2 have
the same denominator polynomiaJ (denoted as D(s) and given below

B. .... the table), but the numerator polynomials differ so that the inherentau. (3a) differnmces are captured by the latter. For gnneraliry, the exprtssons

[ B ) / parallelwithableedvalve. no bleed valve is used. mT - mTer.

(3) Feedhack Stabililzatiofl
For) fedbc sul~uin on mese th system output.

"compares it with some desired reference level, determines the error

which results from retaining only rust order teom in a standard and computes an input signal (command to the actuator) based upon
Taylor series expansion about equilibrium In asim fashion, line this error to drive the erot towards zeo If this can be sucessfully
time domain models may be obtailid for other simsoractuator pairs. accomplished, the system output will be maintained close to the

tim doainmodls ay e otaiedforothr oactia~or ito5* desired value, which noamlly i lies that the syten is srable'. TheI

The behaviors of systems with different sensor-actuator Y vle wpi

pairing are am clearly revealed from their ranferfiaion.r, which relationship between the system error signal and the actuator

an defined as the Tatio of the Laplace uf d system output command is called the control law. and may be dynamic (involving
teaaetifer al equatim) or static (using only algebraic relationships). In

(emplo, sigta. ai) to inut (a.tua)r moton, i tsc) F h pest this section, we wiW se the simplest control law. a proportional
e~xample the tnsfer funcu, G(s), is relationhip be•ween input and output, to elucidka effects of actuator

G(s) , tg•(s) = + j-•)itand sensor slectio but in a subsequent section. we will examine the

mCemT Is -
a,= (S) S2 + BMC Bm es(I~~

"It is possible, in special case for a system to have ta instability
In E~q. (4), s is the Laplace trittisform variable. C, a• -80( - ' 8 $ which cannot be seen in a particular sensor's output However, if a
is defined as the equivalent compressor slope for the combined valve system is detectable (Kwakernaa and Sivan, 1972) as is tlmo•it
and ComprMesso. m = 1/((qM1"/a) is the slope of the throttle Pressure invariably the case, this type of pathological behavior cannot occur
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0 Heat Addition Plenum - + 1KT>0 (7S... B leed V alve• M TC/r M e

Close-CoupledBleVae
alved All the parameters in these two inequalities are positive numbers

except for the compressor slope. [ If mnc < 0, as it rypicayl is for
high flow rates, the system will be stable with no feedback, that ms

S(" teady-State with K set equal to zero. As fe flow rate becomes lower. mC, will
0 Throttle become less negative, reaching zero at the peak of the compressor

characteristic, and then moving to a large enough positive value so 0ýh.I
IPl cthe system will be unstable without feedback. For sufficiently la:ge

I values of the gain K, however, both the inequalities expressed in Eqs.Static Pressure, f h- Peum,,l o h ho .bthE.
ta Pressure,Pressure (7a) and (7b) can be simultaneously satisfied and the system can

Total Pressure, eabilizd.
Velocity Moving Plenum Wall

(3 different sensors) 2xamnle 2: Close.Counled Valve With Plenum
o Sensor Locatiot's Pressure Measurement

In this case, as given in Table 2. the numerator polynomiu. of
Fig. 3: Actuators and sensors selected for evaluation the transfer function contains only a constant term. The characteristic

equation is:

Stability Modification Itsing Pronortional Control s+Bm-S+I +YC
System stability under the influence of a'&nproporonal control Bm e(B)

law is determined from the roots of the closed loop characteristic
equadton (this is derived in many texts; see, for example, Ogata, 1970; The system can now only be stabilized if the equivalent compressor
Di Stefano. 1990; Van de Vegte, 1990): slope is small enough so that the term (1/BiTne - Bm•C) is positive; in

other wo•% the equivalent compressor slope obeys the inequaliry
GD (S) + KGN(s) 0 (5) nce < 7/B ane. The ability of proportonal feedback to stbilize this

system is thus limited to a certain range of parameters. For many
In Eq. (5), GN(s) and GD(s) are the numerator and denominator - appLications. B is unity or lrger and the throttle slope, rot, is on the
polynomials, respectively, of the trarsfer function given in Table 2 order of ten to one hundred, so the useful range can be quite small.
and the gin, K. is a real constant of proportionality in the control law.
The system will be stable if and only if all the roots of the character- Examnle 3: Plenum Bleed Valve With Measurement
istic equation have strictly negative real parts. For the present case, of PlenuM Pressur
where the chwarctcristic equation is a second order polynomial, this is From Table 2, the numerator polynomial for this case is
equivalent to requirng all the coefficients in the equation to be strictly
positive. N) s-BnC

Equation (5) is the sum of two terms, 0 D(s) and KGN(s). B (9)
When the control is off (K set to zero), stability is determined from antd the charceristc equation is given by
the moots of GD(s) only. and thus is the same whatever the actuator-
sensor pair. As the gain K is increased from zero, system stability o*~ -.- B +( ~~
becomes increasingly modified by the KGN(s) term. and because the BBrBm (10)
various actuator-sensr pairs hve diffee numeraw polynomials,
GN(s). the effect of feedback also varies. This is best illuswrated by Whether the gpin K is chosen to be positive or negative, it will have
several specific examples. The first two examples will show the the desired effect on only one of the two coefficients of the
effect of sensor type, whereas comparison between behavior in the characteristic equation. As a result, stabilization is limited to cases

second and third illusam the impact of the actuator. where mC < I/B. The limitmon is associated with the sign change

between the leading and the constant coefficient of GN(s) (Eq. (9)),
E12mnle I: Cloue-COUnted rC mtraL Valve which implies that GN(s) has a zero in the right half of the complex
With Mam Flow Measurement plane. Systems whose transfer functions have numerators with zeros

Using the apprpriate transfer function from Table 2, in the tight half of the conplex plane arm called non-minimum phase
subsinuning into the characristic Eq. (5), and rearranging results in a systems The blity to control nor-minimum phase systems is
charactrs equation ofthe form known to be subject to acrtain fundamental Limitations (see

m )Freudeb and Lmooz 1985) and this is just one manifestation of
2 B UTDe + +I roL + .0 (6) the generally poor behavior encountered in such systems.r - Mile 7The remaaing aczmor-sensmor pius whose transfer functions

For stability we require appear in T"ble 2 have also been analyzed, and the results ae
summurzed in Tables 3 and 4. Table 3 gives the characteristic

(7a) equation (the rowt of which define the stability of the closed loop5 ,nC T system) for all the snsor-actuat pairs. For stability. all coefficient
in the characteristi equation must be positive; from this requirement.

and die capability of each scheme to extend the flow range to high values
of comprmor slope can be determined.



TABLE 3
CLOSED LOOP CHARACTERISTIC EQUATIONS WITH PROPORTIONAL GAIN K

Actuator Close-Coupled Valve Plenum Bleed Valve Moveable Wall

Sensor

Compressor s2 + I- - BmCe + KBT) S S2 + -- L- S S2 ,, SMass Flow ,B [B BBBmtmT ..B)s )

+(1 +cr +(--lmV) + (I-2C& + KBu)Plenum Pressure s2l BmCe B ss2 (+ B JCe + V $ s2 + Bm< + KW s[B'*'r ( Strr B !lr IB r

+ ( rLc + TC r~+ ss +~ Bn~+K~

KT) + (I - *K~V,) +(I -- &- *KW.Bm

mTC --7 . 're rc

,, pesa ~ c ,I Kn 2 ,m e I 2 -1 - r ~ + ~ 2+ -1 M,, ,, . ... ,

Total Pressure B mre (me Bmrue 8) B ]T

rote mt mTc/

( +=, 2K,,°(I--nrI .( 2KOB

TABLE 4
LIMITATIONS ON COMPRESSOR FLOW RANGE INCREASE WITH PROPORTIONAL CONTROL

no Actuator Close-Coupled Valve Plenum Bleed Valve Moveable Wall
'ensor

on 
t II I II I l

Compressor Unlimited Range Increase rinrted Range Increase Lunited Range Inre
Mass Flow K--& as m-- <-I--- n<-BITe

K-a as B-B-

Plenum Pressure Limited Range Increase Limited Range Increase Limited Range Increase
MCC <-. race <. mr, <.L

Compressor Face Limited Range Increase Limited Range Increase Limited Range Incrase
Total Pressure

icA. <Mrs rotee <ic, < rte

Compressor Face Unlimited Range Increase Unlimnied Range Increase Unlimited Range Inc.ase
Slatic Pressure

2T# .- +h -when-n-< I---- w
K-~~ ~ ~ I Z*2BIT -B 2 mTl.2T*v 2•B~ar. -

K K-- K-' asBotewies otherwse as m(ce --
2T 2V*m"T 2,TeWýB

IC- ~-- s B -"K K- W-'mK as B-w
V

6
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The behavior of the different pairs is shown more explicitly in The selected sensors were:

Table 4. which summarizes the limitations of each pair. In some 1) compressor duct mass flow;
instances, for example sensing compressor mass flow and actuaing 2) plenum pressure;
with a close-coupled valve, the range of parameters over which 3) compressor face static pressure; and
stabilization may be achieved is unlimited, although large values of 4) compressor face total pressure.
gain may be required with a large compressor slope or large value of Thes actuators and sensors are shown schematically in Fig. 3. At the
the B parameter. In these cases, therefore, the asymptotic behavior of level of ideal••mion used here, the close-coupled valve could be either
the required gain is given for large B and compressor slope, in order at compressor inlet or exit without changing the results.
to show the trends to be expected in these regimes. As will be The linear lumped parameter models of the previous section
discussed in more detail subsequently. excessive gain must be were extended as required. •ecause the various actuators imply
avoided in practical situations; however, as shown in Table 4, the gain additional system states. The following assumptions were made in
increases either linearly or quadrtically with compressor slope and B. modelling the actuator behavior
Thus, there will be a practical limitation on maximum slope or I) the injector flow is incompressible and fully mixed out;
maximum B at which the system can be stabilized. 2) the injector is quasi-steady, inertial effects are lumped into

An additional point to note is that the limitations on stability upstream and downstream ducts;
can, in some cases, be relaxed or removed by using a dynamic con'rol 3) the close-coupled valve flow is incompressible and quasi-
law. Thus, the limitations expressed in this section reflect the steady;
combined properties of actuator, sensor, and control law taken 4) the plenum is weU mixed, has uniform pressure, temperature,
together, and not necessarily the individual elements. Within the negligible velocities, and follows ideal gas laws with constant
restriction to a fixed control law maintained here, however, the specific heat
comparison of different sensor-actuator pairs is both valid and useful. 5) the mass of fuel is neglected and heat release is instantaneous;

• and

6) the throttle and bleed valve are quasi-steady.
PRACTICAL LIMITS TO CONTROL The differential equations that describe the system dynamics

are obtained by performing balances on momentum in the ducts and
The analytical results so far indicate that the ability to stabilize mass and energy in the plenum (Simon, 1992). They are:

the system with proportional control depends strongly on proper
pairing of actuawr and sensor, as well as on the values of the system d41  - y ( wll +a)
parameters, particularly the comoressor slope (mc) and B. dt (4/ 1 4) U " (1a

In the above examples, ht, ever, we have considered ideal,
linear systems in which only the dynamics of the pumping system are d2 * H d o ÷ 'l-cc - V) (BIb)
modelled. To address the issue of implementation, it is also necessary dW (21/,5.) d +Vj) +

to include bandwidth limitations and actuator constraints (for example,
servo dynamics and stops) which are encountered in any physical ?Ž(

realization. As a matter of definition, by actuator we refer here to the di(2. (It + O(JIc)
entire actuation system including the flow train element (e.g. the dT 2BTp
valve), the motor that drives it, and any included feedback elements.

The bandwidth limitations may be imposed by the sensors, [jMf¥ 1  + T•)-(,.T+¢*)T +Q- '' (lld)
processo, actuator, or some combination of the three. System d( 1 - b Q P2B; 1bandwidth may also need to be constrained to maintain stability if To
unmodelled dynamics are present. Unless the bandwidth of the yt L
actuator is much greater than that of the compression system, there is doV =.- V* + Vl (le)

a non-negligible time lag between the command output of the control
iaw and the response of the flow rain clement. The lags introduced
by the actuator generally result in reduced control effectivenes, There are five stae needed. The mass flow rates in the
although to some degree, they can be compensated for by use of a portion of the duct upstmam and downstream of the injector are given
control law more sophisticawtedt pmpoional controL by #I and 2. the ,o.-dimsensionl mass and energy of the gas in the

Another constraint on control effectiveness is introduced by plenum are given by m* and E*, and the non-dimensional plenum
bounds on actuator influenc. For example, valve areas can only be volume is given by VO. The effects of the various actuators are given
modulated between 0 and 100 (i.e. the valve must be somewhere by the functions. A'IFu ard A'I'd. representing the injector, Tc,
between full open and full closed), representing the close coupled valve, Ob, representing the plenum

bleed, Q, representing the plenum heat addition and f, representing
Sens2r and Actuator Pairs and Fluid Model the plenum wall moion.

In this seto we numerically examine the limitations The general description is nonlinear, but it is small
inposed by effects such as those described in the pr•ceeding. Five perrbatims which are of primary interest here, and Eqs. (11) can be
actuattos and four sensors at studie as epr.esentatve of a diverse s: linearized v yield an equation se of the form:
of impletnen~taion options. The selce ACtuams wrAi A B:(2

1) injectioain thcompssorduct -Ax+u (12)
2 ) clo se-coup led co ntrol valve;wi h t e o p u c o y d f n d a3) plenum bleed valve; whteoqtvt-ydfada

5) a movable plenum wall. y:Cx..Du (13)
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RESULTS OF THE CONTROL SCHEME EVALUATIONS
In Eqs. (12) and (13), the linearized state variables x, the inputs u, and

the outputs y. arm perturbations from the corresponding equilibrium The results of the calculations am summarized in Fig. 4, whichvalues, and A, B, C, and D are appropriately dimensioned constant shows the stability boundaries for the twenty actuator-sensor pairs.
matrices. The state variables have been normalized as detailed in The figure is broken into four plots. one for each sensor. Within each
Table 5, so that unity magnitude for any of these perturbation plot, the five curves indicate the different actuators. The region below
variables has roughly the same pbysical significance. and to the left of any given line is the region in which stabilization can

be achieved. In the upper left hand plot. for example. all the region to
TABLE S the left of the dash-dot line represents the range of compressor slope

NORMALIZATION FACTORS and B in which the combination of compressor mass flow sensor and U
close-coupled valve is capable of suppressing the instability.

Perturbation Variable Normalized By Several general conclusions can be drawr from the results in
Flow Time mean flow through compressor Fig. 4.
Pressure Time mean compressor pressure rise 1. The overall tend is that control becomes more difficult as the

Thermal input Mean compressor work compressor slope and B parameter increase, with the maximum

Moving wall work input Mean compressor work stable slope decreasing with increasing B.
Plenum bleedwvalve area ip rMeant y losresr ve 2. Only the actuators located in the compressor duct, which act upon
Close-coupled valve area Area to fullyopensorclosethe compressor duct momentum (injector and close-coupled
ose-coupled valve area Area to fully open or close control valve), are capable of stabilization at steep slopes over the

(whichever is smaller) full range of B.
3. Plenum heat addition gives little or no stability.
4. In general, there is no best sensor independent of the actuator.

AU twenty pairings of the five actuators and four sensors have For reference, the range of B parameters that might be
been evaluated with a proportional control law. Such a comparison associated with large axial gas turbine engines is roughly 0.2 to 0.4,pnroides two useful results. One is the identification of actuator, with that for small ¢cntrifuga machines approximately 1 to 4.
sensor pairs which may be stabilized over a significant range of A more specific conclusion is given by the comparison of the
system parameters using the simplest possible control law. In results with the mass flow sensor to the other sensor locations. As B
addition, for those pairs with significant stabilization, the required gain reaches a value of roughly unity, the ability of all the pairs to stabilize I
gives a measure of the combined effectiveness of this choice of the system becomes quite small, except for the close-coupled valve
sensing and actuating locations, and the injector which use mass flow sensing. This points out clearly

As was discussed, it is useful to weed out those systems that not only is actuator position importmt, but sensor position is as
which could mathematically be stabilized but stand little chance of well.
succeeding in an actual implementation. To this end. two constraints The conclusion about the effect of actuator position is one that
were imposed. First, the allowable magnitude of the normalized is in general accord with intuitive ideas of system behavior, but that
proportional gain was limited to be not more than twenty. For having to do with sensors is somewhat less familiar. It is therefore
example. at the maximum allowable gain. a five percent change in worthwhile to give some physical motivation for the impact of sensor
compressor mass flow would yield a one hundred percent change in position.
plenum bleed valve area; that is, the valve would be fully closed. The different dynamics brought about by the various sensors
Second. the bandwidth of the feedback loop was limited by modeling can be understood with reference to the non-dimensional characteristic
a two-pole, low pass Butterworth filter in the feedback path. This equation for the unsteady system behavior with no feedback-
filter can be given various physical interpretations such as probe i2dynamics amplifier dynamics, actuator dynamics or unmodelled BmIs+(l
dynamics in the compression system itself. Whatever the lBrure }re (14)
interpretation, the insertion of the filter insures that the feedback path
has finite bandwidth, a constraint which will always exist in practice. For stability the coefficients of the second and third terms mus. be I
The study was carried out with the cutoff frequency of this filter pove so thatmaintained at ten times the Helmholtz frequency of the system
formed by the plenum and compressor ducts. Sensitivity to this
assumption will be examined subsequently. wnc<

The figure of merit used to assess the actuator-sensor pairs B2mTe (I 5a)
was to examine the stability boundaries in a -c~ipressor slope versus
B parameter plane. Preliminary studies shiwed that these two '' < rnTe (I 5b)
parameters have a dominant effect on system stability. It is thus more
relevant, for example, to quantify die amont of stabilization that can As described by Greitzer (198 1) the mechanism of instability can U
be achieved in terms of the compsor slope which enters into the either be static, corresponding to the inquality in Eq. (I5b) being
stability in an explicit marnr. rather than the chmage in mass flow at violated or dynamic, ccrresponding to the violation of that in Eq.
stall The relative extenz of the smabilized region in this comrpessor (15a). Whichever of these events occurs (it is the second that is
slope B-paramer plane thus provides an appropriate and usefl bass generally mom important), the cause for this is a positive slope of the I
for comparison. The boundaries were computed by first performing compressor pressure rise characteristic. Therefore. let us examine
an incremenal search over the threedimensional (slope, B parameter how the destabilizing effect of positive slope is ameliorated when
gain) perameter space. Foi each fixed B, the value of gain which different sensing schemes are used. As a case of high practical
maximized the slope at instability, as well as the corresponding slope, interest, we consider the cose-coupled valve with two different
was then found, again using an incremental search. The stability sensors, one measuring compressor mass flow and the other
bounlaries in the B parameter versus slope plane thus represent the measuring the total pressure at the compressor inlet face.
maximum slope which could be stabilized using any gain less than In the first of these, the valve position. and hence the valve
twenty. pressure drop, is proportional to the sensed perturbations in

8I
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Fig. 4: Influence of sensor and actuator selection on manimum stabilized compressor characteristc slope
for a bandwidth and gain-limited system

compressor mass flow. The pressure p r ons across the where 8%V, is the total pressure perturbation at the compressor face in
compressor and the across valve ame both proportional to the mass non-dimensional form. If the valve angle perturbation is proportionalI flow perturbauons. Because the valve is just downs'eaam of the to the compressor inlet total pressure, the result is to create a pressure
compressor, the two act in series, creating an effective compressor change across the valve proportional to the acceleraion, which is the
slope which is the sum of the (positive) slope across the compressor derivative of the state vauiable 0. In other words the effect of
and the (negative) slope across the valve. It is this combined feedback in this case is to alter the overall pressure difference from
characteristic which the system "sees". duct inlet to exit for a given fluid acceleration rate. As far as the

Suppose the constant of proportionality between sensed mass system is concerned, this is seen as a change in compressor duct
flow and valve opening angle is K, and the raz of change of valve length, since the longer the duct, the larger will be the instantaneous
pressure drop per increment in opening angle is T. For a given mass pressure change that results from a given fluid acceleration.
flow perturbadon, the effective slope of the compressor will change An increase in effective length of the duct does several things
from m.C, with no feedback, to mc, - XT when feedback is applied, to the system. It drops the natural frquency, which scales as Il/f".
Sensing the compressor mas flow and feeding the signal back to the More importantly, it changes the effective value of the B-parameter.
valve actuator thus works drcty on the cause of the instability, the which also scales as I/iT. Both these changes can be seen in the
positive compressor sope. (Insertion of the slope ara - KT in Eq. characteristic equation in Table 3, in which the critical value of B for
(14) in fact gives jus the charac istic equaton in Table 3.) instability is increased by fl +KT, I + KT being just the factor by

A different sidon pm-vis for the indet total press=e sensor. which the efective length is increased. In the case of total pressure
The inlet ta pressure pernibadon is related to the derivative of the sensing, however, only the dynamic instabiity is influenced, because
inlet mass flow, i.e., the fluid acceleration in the compressor duct, the increase in effective mass does nothing to alter the static stability.
through the unsteady Bernoulli Equation The instability limit is thus still mC. k mr,.

Somewhat similar arguments can be made for other sensor-
S•actator pairs, but the main point is that the use of different sensors

PIo - Ph f p dx for the feedback gives the system quite different properties. For the
feedback on mass flow. one of the resistive elements in the system is
altered directly, whereas for the feedback on inlet total pressure. it is

Non-diznenslonalizing and lineariizing gives the effective inertia that is changed, and different dynamical behavior

" -d .thus 
results.

B dr
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Effect of Control System Bandwidth many times that of the Helmholtz frequency. The analysis suggests
As mentioned previously, the study of the sensor-actuator that actuatr bandwidth will be a prime determinant of practical

pairs was carried out using a value of control system bandwidth (olc) system performance and that research and development on this topic ii
ten times the compression system Helmholtz frequency (toH). We is useful to pursue.
can also examine the influence of this parameter, in other words, of
controller bandwidth, on the stabilization process. Figure 5 thus
shows the changes in instability onset that occur with different LIMITS TO CONTROL WITH AN IDEAL CONTROLLER
controller bandwidths for conditions corresponding to the close-
coupled control valve, with feedback on mass flow, and a B- With the four sensors studied, and proportional control, the
parameter of 2. In the figure, the horizontal axis is the controller gain, close-coupled valve and injector emerge as the most promising
and the vertical axis is the compressor characteristic slope at actuators. A further question to address, however, is whether the type
instability. Curves are shown for values of •o/uH from 1.0 to 100, of compensation or choice of sensors would affect this conclusion. In
representing extremes of this ratio, and it is evident that controller this section, optimal control theory is used to provide a definite
bandwidth strongly influences the range of stabilization that can be answer to this question. To motivate the approach taken, some basic
achieved. aspects of linear dynamic system stabilization are first presented. For

Several trends are exhibited in Fig. 5. First, for a controller small disturbances, the compression system, actuators and
bandwidth such that ,o4/o = 1, use of the control actually degrades disturbances are described by the linear differential equation set:
the stability - the more gain the less steep the compressor slope that
can be achieved. In this regime, control syste,.1 effectiveness is i - Ax + Bu + Lw
adversely affected by the system dynamics and the influence of
modelling inaccuracies becomes more pronounced. Second, when where x is a five-dimensional vector of system states, u is a scalar

wVoH becomes considerably larger. increasing the controller representing a particular actuated variable, w is a p-dimensional vector

bandwidth increases the compressor slope that can be attained. Third, of external disturbances, and A, B, and L are constant matrices of

for a given level of bandwidth, increasing gain increases stability only appropriate dimensions. This is just Eq. (12) modified to include the
up to a point; beyond this point the stabilization decreases as gain effect of external disturbances. It is known (see, for example,
increases. The value of gain for maximum stabilization increases with Kwakernaak and Sivan, 1972)) that systems of this type can be

bandwidth. stabilized for all conditions using the control law u - -Kx, where K is

The necessity to go to higher bandwidth at higher slope arises now a one-by-five constant gain matrix, provided only that the pair
because, as the slope increases, the system dynamics become faster AB is controllable. Such a control law is known asfut/srae
relative to the undamped natural frequency (Heimholtz frequency). feedback and requires that the state of the system, x. be known

There can thus be coupling between oscillations in the controller and perfectly. For a system with n states, this would require n properly
in the aerodynamic system that lead to instabilities, so actuator placed sensor. For the situation of interest here, over the range of

dynamics play a role in setting the range of stability (as they clearly do parameters which have been analyzed, the requirement of
at Wod/oH =1). In fact, the analysis so far of the close-coupled valve controllability is met. Thus, with enough properly placed sensors,
configuration tested experimentally indicates that the degree of stabilization of any idealized linear system is not a problem. I
stabilization is theoretically limited by a high frequency instability All actuators are not equally suitable for this; some have
involving the actuator dynamics. This point is an important one since, excessive amplitude requirements. In the analysis, therefore, the

in many cases, it is difficult to engineer actuators with bandwidths actuators are compared based upon their minimal required RMS (root
mean square) response to a persistent broadband disturbance, whilemaintaining system stability. This comparison is independent of

Close-Coupled Control Valve, B =2 choice of sensor, because it is assumed that the state of the system is
known at all tmes. Further, the comparison is based upon the
minimal possible RMS amplitude, and hence there is no question as

5 /O = 100 to whether a particular actuator would perform better if another control
law were used. In this sense, the comparison is also independent of

E the control law.
4/ Specific details of the computations performed are included in

>/ Simon (1992), and a more general treatment can be found in
Kwakernaak and Sivan (1972). The central concept to be used is that.

."". if the disuirbance can be described as a stationary, Gaussian, white
noise process, a particular gain matrix I( can. be found which will

e- 20 minimize the root mean square value of the actuated variable u. The
o 2gain matrix K and the RMS value of u will depend upon the matrix L

1 /OC/014= Iwhich detertines how the dis-tbance enters the system and upon the

O/IOC/ i3 1"statistical properties of the disturbance.
-. •• 3 For this analysis, the disturbances driving the system must be

0 4 8 12 16 20

Normalized Gain
"A linear time invariant system ix = Ax + Bu is controllable if and

Fig, 5: Influence of normalized control system bandwidth (waC/woH) only if there exists a piecewise continuous function u(t) which will
on the feedback gain required and flow coefficient at instabi- transfer the system from any initial state x0 (%0 ) to a final state x, (t1) in
ity onset; close-coupled control valve a finite time interval t, - to (see Kwakernaak and Sivan, 1972),

10
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I EFFECT OF DISTURBANCE TYPE
U ON SYSTEM BEHAVIOR

"The influence of the disturbance type on controlled2 4 • ".
-- - compressor performance is shown in Fig. 7 for the close coupled

Actuator valve, the actuator shown to be most effective in enhancing flow range
3.Close-Coupled for large values of B. The horizontal axis is the slope of theSPlenum Bleed compressor characteristic, and the vertical axis is the normalized RMS

,injector actuation level. The difference betwen the three curve; indicates the
Movable Wall impact of disturbance type on the ability to control the system.
Heat AdditiOn Compressor pressure rise disturbances, such as might arise from local

0" unsteady flow in the impeller or diffuser, create a situation that is
0 "more difficult to control than disturbances due to combustor heat

......... release or throttle mass flow fluctuation.
o The implication of Fig. 7 is that the nature of the disturbancesI Cd2 ---. . . . driving the system is an important factor in setting the requirements00 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 for stabilization. There is little known at present about the detaileddisturbance structure within rurbomachinery and engines. It thus

Compression System B Parameter appears that characterization of these unsteady phenomena is a
research item of considerable practical concern.Fig. 6: Maximum slope at which the RMS actuation will be no

greater than 25% of the maximum actuator authority. ideal
controller and perfect knowledge of the system state SUMMARY AND CONCLUSIONS

An evaluation of strategies for the active control ofchosen. Three disturbances were. studied: 1) a compressor with an compression system surge has been carried out, as a first step towardsSunsteady pressure tise; 2) an unsteady heat release in the plenum developing rational design procedures for active surge stabilization. A
chamber, and 3) an unsteady outflow through the throtte. In each basic result is that actuators and sensors which measure and act upon
case, the input disturbance amplitude (white noise intensity) was the momentum of the fluid in the compressor duct are the mostnormalized to that required to produce a one percent RMS fluctuation effective for geometries and compressor slopes of interest for gas
in compressor mass flow at a fixed. stable operating point. turbine applications. Although this result was qualitatively known, the

The resrlts of this analysis are illustrated in Fig. 6. In the analysis has quantified the severity of these trends, showing them to
figure, the maximum allowable slope at which the system can be be extremely important over the parameter range of interest. Thestabilized is plotted as a function of B for five different actuators, following specific conclusions can be made:
based on the restriction that the normalized RMS actuation is no * Proper choice of actuator and sensor is an important part of the
greater than 0.25 for the most deleterious type of disturbance. The overall design of a surge stabilization system.
choice of this level of maximum RMS actuation is somewhat * Mass flow measurement with either a close-coupled valve or an
arbitrary, but it is taken to be one that can be achieved in practice. In injector for actuation are the most promising approaches of thoseaddition, computations have been carried out at other levels, and the evaluaed.
results show similar trends.

For all the actuators, the maximum stable slope that can be
attained decreases as the B-parameter increases. However, the 0.4 . . . .
sensitivity of the slope to B varies markedly between different
actuators. As with the proportional control, those actuators which are
most closely coupled to the compressor (the injection and the close- e
coupled valve) ame the most effective. The figure shows that, for B . 0.3
greater than unity, the maximum compressor slope at which the oo1-'•
system can be stabilized is quite limited. (For reference, the' Z
characteristic of the turbocharger used in the experiments described 'I,
previously has a maximum slope of approximately six, i. e., me 2 6). m 0.2
In addition, except for the close coupled-valve, whose performance E.ea- ! -......
becomes independent of B, the maximum stable slope decreases Z
monotonically with B parameter. In particular. heat addition, which S 0..
might seem attractive because of ease of implementation through fuel 0.1
injection, shows little potential for stabilization at values of B larger p.etel~•le O o - -

Another result is that the behavior of the plenum bleed, the 0 . - , . ,
injector, and the moving wall are roughly comparable, although the 0 1 2 3 4 5 6 7 8
injector has some advantage for larger values of B (gFeater than two, Slope of Compressor Characteristic
say). As these high values of B parameter, however, the close coupled

i valve has a clear advantage,over all of the other schemes examined, in Fig. 7: Influence of compression system disturbance type on actuator
stabilizing the system. motion required to stabilize the system; close-coupled valve1 actuator, B - 2

I
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A Theoretical Study of Sensor-Actuator Schemes for
A TRotating Stall Control

G.J. Hendricks' and D.L Gysling"

Gas Turbine Laboratory, MassaCthusofts Inattmute of Techlnology

Camnbridge, MA 0213

A11SB&II (a -iw)r/U

A theoretical study has been conducted to determitne the o
influence of actuator and sensor choice on active contol N u p'

of rotming stall in auial-flow compressors. The sensor Z - Complex feedback 1pun R e'.
are used to detect the small amplitude tasveling waves that
have been observed a the intiation of rouing stall on a . DitnaWnce V•wth rm
several different compesors. Conmrtl is achieved by / - compOrsor efrcercy
feeding the sensed quantity back to the actuator with a 0 Flow coefficient c,IU
suitable gain and spatial phase shift relaive to the
rneasured wave. Acmors using circumferntal patrns 6 - Flow coefficient pimutation
of jets. intake ports. and movable inlet guide vanes - uIertn pwier for compresu rotors
upstream of the compresor, and valves downstream of the . Inertia paramete for cmnpressor
compressor wer considered. The effect ot axa velocity. - CV Cimfeerntial cminaie
statc presiure, or total presure meWasurmena on control
effectiveness was investigated. In addition the influence 0. - Feedback spiazi phase shift
of the actuator bandwidth on the performance of the P Fluid densty
controlled system was determined. The results of the Non -daensional acatutor ame constant
study indicate that die potential for active controi of
roting stall is greater than that achieved thus far with Nor-dil rotor s prssure loss
movable inlet guide vanes. Further. axial vetoctty sensing chMatefis*X urne
was most effective. Actuator bandwidLth affected the _ Non-dimensiona stator ouJ pressure loss
perfomance of the cowmaved compressors sigrcndy, aractcristc a
but certain actuaors were affected less severely than W Dis0tuv rotatont frquency
others. 0. Rotor rotadona. frmquency

NOMENCLATURE - Tota-to-stic pressurt rise
V" Idea" (i:entropic) Otul-to-stic pressue rise

1 Compressor annulus height V - Smady state total-to-stac pressure rise
&I, Jet valve opening

L,,-, Steady total press.=e loss acros rotors .civ
L,, Stady total pressure across staor Active control oaerodynamic and mechanica instabIlies

8L - Perturbation in total pressure loss acron rotors has wzwted considerable resewrh interest m the past few
yexrs. Work is being conducted at a number of

&L, - Perturbation in total pressure loss across stators institutions in applications including the control of

n - spatial harmonic number boundary layer and combuston instabilities, Ths paper
P" Wet ' to -. addresses active control of rotating sital a fluid dynamrc

intmbility which limits the operating range of
&P, . Inletstatic p a=f pecrt onco

- puio Rotatig stall which is charawrized by a region of
- orturbation stalled now Towing about the annulus of a coirssor,

, - Ex sttic pressure permto has a severe effect on the operation of a gas turbine
r - Compremsor annulus mean radius engine. When encowtems , the instability causes an
R -Fe ackpin abrt drop in tepessure rise amm the compressor.

resulting in a sigliican decrease in the power output of
the engine. In addition, engine health is affected adve•ely
by large fluctuating ;oads that are induced on the

"Postdoctoral Associate, Member AIAA compressor blades. Because of this, the compressor of the
Graduate Stxlent ps turbine engine is normally operated far enough away

from the stall initiation point to ensure that instability is
Copyright C American Institute of Aeronautics and not triggered under any engine operating condition, with
Astronautics, Inc., 1992. All rights rserved. the margin of safety known as the stall margin. Because



roamung stall is normally encountered close to the peak of - , .
the pressure-rise charxte.istc of the compressor, the siall "
margin places a limit on both the perforinance and .-

operating range of the engine. An actively controlled
compsreor could opera sably p•t he peak of he 0-

Pressure rise characteristic. With the same stall margin as "d-- I
in the uncontrolled case, the peak ofthe charactenst-, ,
could then be a safe oper.utng pOinLt

Active control of rotating stall studied here is based on a 3
linema model of its initatou. The model implies that. as
the inception of the instability, small amplitude t•aveling ao
waves develop in the compressor annulus. prow in
magnitude and eventually develop into rotauting stall cells(l1 12], [31. Although such small ampliotude waves have PwAw"O &I.•o, V*MPV-S

not been observed in all situations. dty are a clear feature
of recent tests on several compressors of widely different Figure 1: Comprtsw with actuator and senson

geometry [4). [51. axiud velocity disturbnce wave is decompoz into tu

The contspondence observed so far between U fu spaal Fourier harmonics:

dynamic analysis and experimental observations isenco rainsice it gives one confide= in using ft• 60 =2.e .- when -(air
theory to design devices which can be used to modify the

inlet and/or exit flow fields of the compressor in order to
suppress the instability. These controlling devices would In the above foluon a oy'/V represents the rotaton
act in the inception phase of the instability, before it rat o[each sp"af t non-dimensiortiz.ed by the
develops to its performance limiting amplitude. The __

controllers tdht will be described in this study are r speed. ard wjU the aon4mensiona•lad

therefore designed to prevent the compressor from going growth rte of the dist••ab ..c The spatial harimnics.
into rotating stall when the system is operated within the which ate the natural eigeniodes of the system. can then

parameters of the contoller. be analyzed independently. suwe the equatons de•cnbuig
the evolution of the instabiiry ae linear. When the above

A schematic diagram of a conceptual controlled systen is form of the flow coeflrcient perturbauon is subsumted

shown in figure 1. A fluid dynamic variable which gives into the differentil equations describing the dynamics of

an indication of the magnitude and form of the instability the fluid in the comnpression ystem, the analysis ields an

is sensed by a suitable army of transducers. The signal eigenvalue problem in s with the growth and rotation rates

from the transducer array is proesed by the controller of each spatial harmonic determined from the sotuaon to

which commands the actuator to introduce a suitable the eigenvalue problem. IU the reW pan of s is negative.

control disturbance into the flow field. Initial studies of the disturbance is danped. representing stable operation of

this problem (3] have considered only simple control te compres. if te rel par o s is posiue, u the

strategies. for example actuators which introduce a vortical distu'bance gro expxnentially, reprtsenting unstable
velocity perurbation a t com=s inlet plane (a operaftio
model for movable guide vanes far u•tream of the I
compressor). The use of close coupled movable inlet If the compresso is assumied to operate in a quasi-steady

guide vanes for the control of rotUn staln hg s been manner. i pressum rise is a function of flow coefficient

demonstated experimentally by Paduano (6,71 and only, the model predicts that all the spatial harmonics o&

Haynes (81 (the stalling mass flow rate was decreased by the flow coeffilcint perturhton become wutable at the

23% in the experiment on a single stage compre"sr (6,7]. operating point where the too-to--statc ps .re-rise

and 8% on a three stage unit (81). The objective of the characteristic ( v vs. ) becomes positively sopd
present study is to examine the potential for increasing the Distziwne am damped where the charateris is
system controllability, in particular to assess the negatively sloped, and amplified when the characterstc is
effectiveness of a number of different sensing and potively sloped, with the growth rate of the pe-irtbaton
actuation devices. . being determined by the magnitude of the positive slope.

In the formulation of the model used in the present study
2. ANALYTICAL MODEL.

2. AALYTCAL ODELthe quasi-steady assumption is noc maide.

? *:.. -_ -.... . 2.2 Ur. tttdv Comnrtrqnr Realimor
2:1I verall Cnalideratinn- ."

"It has been observed in experiments I9,101, that the
The analytical model used in this study is an extension of pressu rise across a comp esax does not respond

that descoibed in (1], (2]. and (3]. The analysis is two nstantaneously to variations in flow coefficient. This is
dimensional, so only hiMl hub-to-tip ratio mwhine are thought to be a result of the finite tine required for the
considered. The mean inet flow field is undistorted flow fields within dhe blade pa tes to respond to
(uniform inlet total prenure). and the inlet and exit ducts changes in flow coefficien. The mnite Mq me of
am assumed long, so tht end effectsw i.e. reflecon and theno e r flow perturbations h a

aulering of the disturband wave from the ends. et not stabilizing effeco on the perturbations, and higher
imporant. In addition, the tip speed of the compressor is harmonics are stabilized to a greater extent than lower
assumed to be low enough for the flow field to be harmonic& When this effect is included the analysis, the
considered incompressible. In the analysis an arbitrary spatial harmonics of the disturbance become unstable

2
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sequentially, with higher harmonic diusur ces becoming -
unstable at larger posiuve slopes of the comprerso -Ui-
to-static pressure-ase cha-actensuc (i.e. lower flow
coefficient3). This behavior has been observed in
experiments on both single and three stage low-speed
compress 16.7.81, and the model shows good 4

quantitative agreement with experiments conducted on .a
three stage compressor I I11. The sequential
destabilization of higher spatial harmonics of flow > I
coefficient disturbances has beneficial implicauons . o_
actve control. By contolling only the rim spaualharmonic of the disnwbance, an increase in stblez

opeaning range can be obtained, down to the flow
coefficient at which the second spatial harmonic of the
disuabmnce becomes unstable. By controlling both the
fim and second spatial harmonics ,yond this flow
coecient, the stable operating range can then be extende_
to the operating point wher the thurd spatial harmonic
becomes unstable. Using this conuAL approach, the
mpximum range extension possible is therefore dependent F
on the ntumber of spatial harmonics of the disturbance that ~I-
one is able to control. s÷ot

It has been mentonsd eard that t slope of the
compressor presue rise characteristic dv/do. is an 2 3
iunporant parameter governing the giowth rate of a
disatance wave. The pressure-rise charactristic shown in Figure 3: Inlet guide vane actuator
figure 2. which has a slope going to an infinite positive
value at a flow coefficient of 0.25. is used in the disturbances produced by the actuation to decay to uraU
computations described below since it covers all positive amplitudesm the compres face. If so. thre is a unme
slopes that could be encountered in pracuce. delay cornspnding to the convecton UMe of the contml

disturbauncefmm the actuator to the compressor face
12 ,introduced into the contol system. Even at moderate

slopes of the compressor press.e-rise cha-acmnste. the
3- time scale associated with the disturbance growth rate is
Sf much smaller than this convectuon delay time. Actuatars

that producc a purely wwricA) disarwbanc st Lhe compre~sor
0o.8 face are therefreo not effectve in controlling rotaung stall.

and in this sRudy Only close coupled actuators arm
condered. Actuators can be considered close couple if0OS they are posiuoned a distance much smaller than the

Scompressor radius from the compressor inlet or exit plare.

T1he following actuato am consdered:6• 024

01) jets upstrm of the compressor

2) intake ports qs canm of the compressor
a 3) valves downstrea of the compressr

0 02 0.4 0.A O. 1 4) movable inlet guide vam upstreamn of the compressOr
Flow coefficiont, #

This is not a complete list of the acuator3 that could be
Figure 2: Compriiourtat-to-astac presum rise' used to control rotang stall, but the actuators considered

characteristic used in the analysis give an indication of the variations in performac that
one could expect in selecting an actator. The actuators

3. ACTUATORS AND SENSORS are shown schematicaily in igures 3-4. Although the
intake port and jet acuors are similar physicallj, they

Actuators nomdally introduce both potential and vortcal differ in the type of disturbance that they introduce into
dsturbances into comptes inlet or exit flow fields. the flow field. The jet actuator is supplied by a high
Potential disntr es decay with axl distance from the pressure reservtxr whereas the intrake port &mator is
actaum whmras voxrcl diswrbmnces persist, and am supplied by a reervoir having the same total pressure as
convected with the flow field downsawm of the actuator. the compssor inet The cmsue is that the intake
One of the initial objectives of the study was t determine port scanr inaroduces only potential disturbances into
the type of distubance (poential or vetical) that would be the flow field whereas the jet amator introduces both
most effective in conwoUing romwing stall disturbances, ptential and vortical disturbances. (Gysling (121 has

identified the jet dist'bution as an effective actuator in a
For an actuator to pioduce purely vortical control similar study on control of roaing stall using
disturbances at the compressor face, it must be located aeromechantcal feedback.). In the study, the reservoir of
sutficiently far upstrem of the compressor for potential the jet actuator is supplied by the exit of the compressor.
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P-1 Compressor A time lag f. is assumed betrwen fth actuauon ancutt.
command given by tM controler. Th• inverse of tus ir.e

a)con statm lf represents the bendwidth of the atucuar

When the feedbak law and atatry dyrum ics ame coupled
Lo the compressor dyVamics. a netw igeiwaluc problem ig
generated, withI the eigenwalues of the syutm, ie. the

Jt 23 growth rue and breqency of the disnturance, 4eperdmin
(a) on the p6u and phase of the feedbak signal. The effect I

oenon-ideal behavi•r of the ctuu• ,wr on ft system
performance can be by varying the or e constant

Acomspre--or waeve (varying the bandwidth of

compomprssor caig ~ o~=ilt•vane ther• • , acua~) Thse Wpet am Aiescnbd in th mnd

_ _ _ _ k econ.

+re Sol + 2; Sensd measurig the following flow variables ar

1) axWavelocity

(b)I
A comparative sudy was doIe with bhe senso

Figure 4: (a) Jet /Wintake port actuator pmosrwed at various axial stations in the compreion
(b) Valve actuator system, upstream of the actuatrx. betwcm the KIwaxor and

~ ~ the compressor. and downsnwn of the compressor. The
sano pre ssrouir o a tae o .tUnnpressor ois s aotit pefm as o the contmtleu systems a reported onlyst ionhprssue at the compresr o atig pnt. wh thermoui located at the axial statons whent fte
The intake pan actuator does not require such a htgh perf m favorab•y.
pressure air supply; fluid at the total pressure of the inlet
air can be derived fdow the sreedar outside the A detailed analyois of the compression sfrst oiled
compressorcasing. The movable inlet guide vane actuator With th e T" ar i s g en in Appendix A and 8 yhas already been peened experimentally by Paduno te t ve tr is b d o(61 and Haynes 181, and is used as a basis (or comparison model developed by .uano et aL and details can befor the other acn•natm These experiments have also • oud i A6 and ("I
served as a validation of the modeling thnique used in

t e s tu d y .!L 
C L I A E S I T S A 2 S ' S Q 4In fte muncnrled compression system rthe relation4.CA iW TI EU SAN DlVSOi

between flow coefficient and pressum perturbations at thetnfluIntl of Arfu~iaftr T
compressor inlet and exit planes is determined by the
dyeamics of the fluid in the compressor. and in the inlet itcu e f frst
and exit ducts of the compressor. Under aeigre ero present neutha scaility cver f e
these relationships can be manipulated by ft actuaor. In harmonic ofthe disturbance wave. The reuts for Ohe
the analysis the acuators arm modeled using quasi-steady higher spa harmonics show arnds simiiar to those for
actua disk theory The as aspect of th a oymsi the first harmoic. The figures show the maximum
involves sensing a fluid dynamic variable, and ptecx(ibing compresso r slope (d esd) at which stabilizaton can beI
a feedbck law between the sensed variable and the achieved, as a function of controller an for the four
actuation. Only the following prcoorWo feedback law actuators consierd. The areas below the neutral stability
is considered in this paper. curves represent stable operation of the controlled system.

For the jet, intake port and valve actuators, gain is defisiedI
Actuation = Z x Sensed variable ,whave z =Rei. as the ratio of fth nont-imensionalized mass flow addee

- to. or removed fram the flow ficlL, and the sensed variable
R isthegainin mpliudeof te snsedvarable an t~(velocity, vtatic pressure or stagnation pressur as
R s hegininapltue fdasasd arabe ad .indicated in Appendix B). For the movable inlet guide3

the circumiferantial spenda phase stuft of dhe actuwed wave vane actuator. the pain i3 defined as the ratio of the
relative to die sensed wavc nte. s y the gain and deflection angle (in radiants) of the inlet guide vanes from
"spta phase of the fedc in toptimized for thewr zero positions, and the sensed variable.

In each cuse the in s oack of the cotriled srstam isIn race te utp oftheac~wrwil dife fiom heshowit with the sensor located at irs optimum axial
command givin by fte controller. To capoire this (non- staion rin all cases selnsin the axial velocity perturbation
ideal) bettavior, the scwasor is modeled as a rims-order gave the best resuilts). The horirzortal axis in the figures

diurac n heatain n cuhent veruao axiiwsshw
f. F clfuand- atuaionCharacteristic. Only positive compresso slopes ame shown,

so the figure repew ts an operating range that wasI
previously inaccessible to the- uncontololed compressor.
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Figure 5: Jet actuator; compressor slope at neutral Figure 6: Intake port actuator; compressor s•lp at
stability as a function of feedback pain and neutral stability as a function of feedback gain
phase. The system is stable in the area under and phase. The system is stable in the area
the curves& under the curves.
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Figure 7: Downstream valve actuator; compressor slope at Figure 8: Inlet guide vane actuator; compressor slope
neutral stability as a function of feedback gain at neutral stability as a function of
and phase. The system is stable in the area feedback gain and phase. The system isunder the curves, stable in the area under the curves.

(The analysis was also performed for negative .rimar.y by the rate of change of the pressure rise withcharcristic slopes; this indicated that he contl system inlet guide vane deflection in the first stage. since the
could destabilize a naturally stable compression system for iniet angles to the rotors of the downstream stages are not
certain phases of the controller.)

ToW.&" f•€C• 4te/ r On the number of stages of the -
To faciltae, compartson,. the neutral stability curves for cornpressm. it the geometric configuraton of tie rirmthe four actuators operating at a gin of four ame plotted on somrlar,
the same axes in firgm 9. Thi gain was used for
COaiPwO~n Siuc all the acuhror showed unstable Thrm performance warametm that ame important in comnwnbehavior for certain phaws above this value. (An the various act•awn systems a:m
experiment On a UNe stage compresSor (8] also showed
that fth perfOrmanCe of the system was degraded for gains 1) the largest positive compressor slope that fte controlledabove foir.) sYstm can achiieve this gives a measure of the range

It should be noted that the performanc of the inlet guide exte.sio provided by the atuation system,Mvae acmUir is influenced by the swirl sensitivity of 2) the of the conu6j which Wie a mesre
fte compressor, i.e the rae of chinge ofpressum rise the range ofphases or which the controlled system isacross the Compr&or With inlet guide vane deflection. stable at a pardcular operating point, and
The swirl senrsitvity of the three rsage compressor on
which the experiment was performed (8], was used in the 3) the rotation rait of the controlled perturbation. Under
naYsis since it was thought to be represetadve of active conro'i both the growth and rotation ramte of the

Prarcal compressom. Swirl sensitivity is determined
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3 . signal, and the dependence o roIALion speed on gaiM I
shown in the figure holds for the opumum phase ba-ed on

.........Oow m M raAg exiftsio#n at the part•cular operating point ftha was
- Mwa&* iGchosen. For a parucui• operatng point one could also

opumrize the phaseh actuao to produce the lowest
rotauion rate for the conotrlled disturbamc. Even d3. feedback phase is optimized in this way. the trends shown
in figure 10 holdi e. the j actuator achieves lower
dtsutuance rotawtn rates than do the other actuatons.

r= 4.2 Influence of Senior

1 . Sensing schemes are compared using the jet distribution

'-4. . ban __on the performace crmuideria rjiedi saovt. Figure
a4 3 , 0 S 00 2_30 3 11 Shws acompaiason of the system performance wI t

0o s • •the varou s sensing schemes In (his figue the sensors are
Phase Ange located at the axial sMon whar they perform br

dstream of the acuator for axial velocity sensingFigure 9: Comparison of actuation schemes; velocity (either a or ownsream of the compressor). andsensing, gain=4. downteam of the comp sor for sutdc and stagnab•in

flow perturbation are modified. The romdon rate of the p"esSue sensing. From Use figure it is appurnt mtat thesystem performs best when axial velocity is sensed.
conraolled d eter is importand since it is oen of the While axial velocity is ;=dly measured in low speedparameters that d = the bandwidth requirement of" flows with hot wires, thewe sensors are not practucal inthe actuator. An actuator that increases the rotation rate of high speed aubornachinery. Rem veloity could bethe per acz is undesirable. Sand stati pressure men

From figure 9 it is apparent that the ups*rem jet he a ind c tiat the disappoin f
distribution delivers the most favorable performance. In of pressure sensors could be a Rsult ofe simple
addition to providing the highest degree of range t feedback law that was used. The sysmIextension, the jet distribution also has the largest phase perfo could possibly be improved if dynami
margin at a fixed operating point. At a compressor slope compensaon is used in the feedbak loop, but this was
of 1. for example, the jec distribution stabilizes the cotpuenaion is uset e d o
com over a phase range of 250 degrees, as opposed
to t0M dieg•e for the intake port distribution, and .3 _nfluence of Auator Bandwdtdh_aplxoximately 50 degrees for the downstream valves. The ...
movable inlet guide vanes cannot stabilize the compressor For the result tha have been presented thus far, a bandwidth
at any phase at t of five tmes the rotor frequency has been used in order to
Figure 10 shows the change in the wt and rotation core the a.o and sensors opeming as close asre of the first pcia harmonic ao a dis e in t possible to ideal. This ac tor bandwidth might be difficultramsof te fist satia haronicof adistrbane intheto achieve in practice and figure 12 shows acoprsnfthindividual controlled systems, at the optimum phase for Prorance of pthe, actuatd for sows a rdiso of rheeach, as the feedback gain is increased. The jet efra•o ' e•anm o ai bandwidths. from
diseaic ion again performs most avorably Thnce five times rotor freuency down to 50% of row frequency.distribution again performs most favorably s ie te major effect o( decreasing the bandwidth is narrowing ofdsturbance rotation rate is reduced as the feedback gin is the phase margin of the atuaction system. The range extensionincreased. Note that the rotation rate of the disturbance
wave is dependent on the gain 4nd phasm of the feedback
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Figure 10: Perturbation growth and rotation rates Figure 1 ]: Jet actuator with various sensors; neutral!
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feedbxk loop. but ths has not been pursued in h•€e
present study.Sandw~llh 

,

.. I X W, 4A4 Practical }molemiMialion hMuei

% Iit has been observed in the experiments that have beenj , \ conducted with the movable inetA guide vane actuator tha
flow coefficient penurbats of the rae of 1% are
exper.Ae d upsmtm Of the actuator when the compressor
is operated under actve control 13}. For ft jeS/ i\. , distrbution. the mass injecte into the comprcssior

annulus would be apoxnmately 2% of the annulus mass
flow for every 1% flow coefficient flucuation upsu-tam of
the cuator when •te contoller is operated at a gain of
o. *w. me conai can ifuence comprs efficiency in

0 so , 3 0 200 M 3W 330 two ways. The frst would be the effect of the jets on the
Phase Angle detailed fluid mechanics in the blade passages. Tlus may

have a Positive or negative impact on performance
Figure 12: Jet actuator; neutral stability as a depending on ft desn details. This question is beyond

function oactutor bandwidth t scope of the present study. The second impact on
compressor efriciency is associated with the air supply

gained from the acuaw is affected less severely by narrower required to feed the js. If the injected fluid is supplied
actuator bandwidths. from the compressor exit, an efficiercy penaJty would be

incurred since the injected air would then be recycledThe other actuators are impacted more severely by a through the compressor continually. If this were the only
decmase in actuamr bandwidt, than is the jet acm a sou of efficieac sm& the efrocecy of te contolled
sen in figure 13. The plot is similar to figure 10. except sytaem c be fficie ss, by the expressyion
that the actuator bandwidth has been decreased from fiveto two times rotor frequency. Because tM rotaiMWafrequency of ft controlled disturbance is small in the case W+O 1+x'# •(t-#

of the j;t actuatwr, the increased time delay corresponds to '" -(1 +X)(,+ 0.5(1 + X)'0)
a small additional spatial phase shift between the sensed
and the atuated waves, so the effect on the stability of the where x is the mans fraction of fluid recycled through the
wave is relatively smalL With the valve and intake port compreslo. The ratio of conollted to uncontrolled
actuators, the frequency of the controlled wave increases efficiency is plotted as a funciioa of mass fraction
significantly as the gain is UriclUa , IS s m in figU 10. recirculaed in figue 14, for a compressor operating at a
An increase in actuatr time delay thefore increase:s the total z-jtuc press rise of 1. at a flow coefficient of 0.5
spatial phase shift between the sensed and actuated waves (these are the operating conditions of the three stage
significanly. In addition. f•om fig= 9. it is evident that experimental coripress that has been used in the active
the range of puases over which these conrolled systems control pro-rm, close to stall (81). For a recycled mass
am stbleis sijnifricantly smaller than in the case of the fraction of 2%, an efficiency penalty of appximately 1%
jet actuator. Thn additional spatial pthas shift in the is incurred, which may be acceptable as it need only be
actuation which results from the increased time delay incurred in the otherwise unstable portion of t
moves the system oautside the area of previously stable compressor map, sn the control system may be
operation. This is clear if ý,,e compares figure 13 to tvated on ft stable pan of the compressr map. If
figure 10. The effects of time delays can probably be
decreased if suitable dynamic compenation is used in the

"33

22 1 f 0

US 0.960 0.01 0.02 0.03 0.04 0.05ONuwbwanc grarih raf,. WAJ Mass fraction recirculated (x)

,.g;ure 13: Perturbation growth and rotation rates Figure 14: Effkiency l0ss ratio as a function of mass
(bandwidth a 2 X rotor frequency) fraction recirculated for the jet actuator
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the efficiency penalty is of concern and only a modest 7 RIFFRENCFS
increase in range extension is desired, tOe other actuaion
schemes such as tie moving inlet guide vane and intake I ) Moore F.K., A Theory of Rotating Stall of Multtsge
port actuators could be selected, since these do not incur Axial Compressors: Pan 1- Small Disturbances".
the bleed air penalty. Journal of Engineering for Gas Turbines and Power,

Vol, 106, Aprd 1984, pp. 313-320.S. CONCLU1SIONS
2) Hynes T.P,. Greiczer E.M., 'A Method for Assessing

The model that has been used in this study captures the Effects of Circumferental Flow Distwron on 1
behavior of the rotating stall disturbance waves that have Compress Suabdity, Journai of Turbomachiery,
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the other acatmors that wee considered, in all of the
performance criteria that were identified. In addition to 4) Gamier VIL. Epstein A.H, Greitzer E.M., Rouang I
providing the maximum range extension, jets also Waves as a Stal1 Inception Indication in Axial
outperform the other auazors that were considered in other Compressors" Journal of Turbomachinery, VoL 113,
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large phase margin a ted with jet actuation implies that 1
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requirement of some of the other actua rs. One may 125. I
however, incur an efficiency penalty when the jet actuator is
used, because of the high pressure air supply required. This 6) Paduano J. D.. *Active Control of Rotating Stall in
penalty is incurred only if the compressor is operated in the Axial Compessor', Ph.D. Thesis. Massachuse us
previously unstable flow range. Whether this efficiency Institute of Technology, Depauet of Aeronautics I
penalty is acceptable or not depends on the design goals of and Asurnuutics, November 1991.
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effective, but in high speed compressors the use of hot wires
might not be practical. The velocity perturbation could then 8) Haynes J.M., *Active Control of Rotating Stall in a
be synthesized from static and total pressure measurements. Three-Stage Axial Comprssor, M.S. Thesis,

Department of Mechanical Engineering,
The bandwidth requirement of actuators is important since it Masshusetts Institute of Technology, September,
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controlled system is degraded as the bandwidth of the 9) Nagano S., Machida Y., Takata H. Dynamic
actuator is reduced. Performance of Stalled Blade Rows%, Japan Society I
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The rotor unsteady stagnation pressure loss, 6L, has to be
13) Haynes J.M., Massachuseat s Ins.ute of Technology, calculated in a reference frame rotaing with the rotor:Private communication.

14) Chue R.. Hynes TP.. Greitzer E.M.. Tan C.S., Longley r, U (ý) 60 L ( )),
JY.P, "Calculations of Inlet Distortion Induced \-, r d do
Compressor Flow Field Instability", International
Journal of Heat and Fluid Flow, Vol. 10, No. 3, In the analysis, a general perturbation in flow coefficient
September 1989. of the form:

APPFNDIX A- OVERALL ELOW MODEL 60= XAee''"e• (A8)
-at

The basic derivation of the flow has appeared several times
before [1,2,3] and is included for completeness only. In the b consideredach sparal harmonic of the penturbation
model the pressure rise across a compressor is modified by can be consicred separately and only the :th spatial
the pressure difference required to overcome the inertia of the
fluid within the blade channels, when the flow within the
compressor is unsteady. If one assumes that the flow within 50 = A~e" e (A9)
the blade passages is one dimensional, the unsteady pressure
rise across the compressor can be written as (1)1, [21): will therefore be examined.

Po- P• 8¢ /ur dA The variables descnbing the evolution of the penurbauon

pU- - U (A6 ) can be non.dimensionalized as follows:

where: (= v;-L,-L, (A2) 1= , s= (AlOi)
r r U

Vi is the ideal stagnation pressure rise across the where U is the rotor speed and r is the avenge radius of
compressor and L, and L, are the rotor and stator stagnation the compressor annulus, so that the equations describing
pressure Josses. The inertia of the fluid in the rotors and in the perturbation become:
the compressor are represented by 1. and p respectively. At
the initiation of rotating stall, the flow coefficient through IP, - MP. d 0 - L, - (&;)
the compressor is modified by a small perturbation 85 so pU rd dtt
that:

(All)

dOt r, d •' - 5 &-L, (A12)

P. =P.+ , L,+=L, +&, (A3) d o LA12d

P,=P. + jP L,=L+•L 64[ dt doj 8"--O5 L (AI13)

The compressor pressure rise perntaaion equation is 60 = ARele (A14)
therefore:

The upstream stagnation and downstream staic pressure
AP# - 5P,= dV So(60) ) r d(8) perturbations are given by the expressions (3]:

WU do i U - O SIP I d(60)(A )

(AM) pu H V " di

V, = W. +L,, +L,, (AM) ,IP. = (866) (A16)

where v. is the steady, axisymmet-ic totaI-to-static pressure
rie including losses, and L,., and L,,, the steady stator Substitution of (A15), (AI6) and (A14) into (Al I)-
and rotor stagnation presswe lossem respectively. The stator (A13) produces a generAlized, complex eigenvalue
unsteady stagation presse loss petwbation, 8L, is taken problem in r
to be given by the differential equation: (A- sB)6 = 0 (A17)

a , L,, (A6)"at -. 4(-
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wa:( L. (0) = ,()+L, 0)ue nequaiuan (A3) isU
curve and the mnesured one. In the analysis it is also

I (d. _ja) I Iassunedtha stady oW resurelosses are equally

A - dL$, 0 (A 18)

do MODrIECATIN OF nhF FL OW -MODEL FOR
ACTIVE CQMQhL

B={ 1 0J ~ I SL,'1 (A 19), (A20) Inl an actively controlled compressor, die relarionship
between pressure and velocity perturbations can be

01 i. L)manipulated by the actuator. Analysis of the various3100 r - Iacwamrts involves determining relationships between the
actuation and peirrurtiaons in velocity and pressure

+ JA ,and Vy ,,+L, (A2 1). (A22) introduced into theflow field. The actusators amemodeled(T!T )using quasi-steady actuato disk theory. Mass and
momentum balances across the actuators give relationships

The oluion o te cgenvlueprobem iels th grwthbetween velocity and pressure perturbtiaons upstreaxn and
7be oluion o te egenvlueprobem iels th grwthdownstream of the actuators, as a function of the actuation.and rotation rates of the perturbation wave. If the real par The upstream jet distribu Lion will be used as an examnple

of s is negative, die disturbance is damped, represetn to illustrate the analysis method. A mass balance across
positive, die disturbance grows exponentially, representing eatuories
unstable operation. For the uncontrolled comnpresso the p?.+& I pci, J.= p(c, + &,j)1. (A23)growth rate of the perturbation is determined by the slope pc i

of te ttal-o-saticpresur ris chractrisic.and non-dimensionalizing the velocities by the rotor speed
To determine the unsteady response of the compressor to U yields:
flow perturbations, an isentaupic pressure rise
characteristic for the compressor has to be assumned. For 1
the analysis it is assumed that the compressor operates at 610 .0 + 0j. (A24)
its maximum efficiency at a flow coefficient of 0.6. At
this maximum efficiency operating point the slope of the
isentropic pressure rise charcteristic is close to that of the The non-dimensionalized injection rate 0, (.51, /1,) is a
minirmum. To simplify fth analysis, the isentropic dimerisionalized injection axial velocity 0,, the jet nozzle
characteristic is assumed to have this slope over the entire
operating range of the compressor as shown in figure 15. opening 6!,, and the annul us height I., are indicated inI
The steady total pressure loss figure 16.

1.2~y 4  '' .c

Vi /

0.6Figure 16 Jet actuator
0.6

0.4A momnentum balance across the actuator gives:
0.4.,)i.(+I 1 1.p 4 6~ I
S ~~P (c. + & 2),1l. + (P + SP)1*

0It only first order terms are retainedi, fth above expressionU
a 0.2 0.4 0.0 0.8 1 yields-

Flow coefficient, ý8I+ 
20 A6

Figure 15 Compressor total-to-static chairacteristics pUlt pU1  1
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Equation (A26) can be written in terms of the total exit stauc pressure:
pressure perturbation at the compressor face:

- (=).- pU-.-T = Z (A34)

'pU pU2  Ia (j-)j1

The downstream static ptrssurM perturbation is given by exit stagnation pressure

expression (A16). It is apparent from (A23) and (A26) 6i I &-
that the compressor inlet total pessurem and flow + J
coefficient perwrbauions can be controlled by specifying / z 1 = Z (A35)
*,(6loj ). the annular injection rate of jet fluid into the
air -eam, which, when substituted into equation (A30), yield

equations similar to equation (A3 1).
Contol is accomplished by sensing a fluid dynamic
variable describing the pertrbation. The measured signal Equations (Al 1)-(AI3) and equation (A30) with the
is then processed by the controller which commands the appropriate sensed variable produce an eigenvalue
actuator to introduce a suitable perturbation into the flowv problem. Parameters in the analysis are the operating flow
field. In the simplest controller, the measured signal is coefficient (which determines the slope of the pressure rise
modified in amplitude and shifted spatially in phase characteristic), the gain and phase of the feedback control
(proportional feedback). This is implemented analytically law, and the bandwidth of the actuator. For the jet
as follows; if the flow coefficient perturbation at the distribution with velocity feedback the system of
compressor face is sensed, the commanded jet injection differential equations reduces to the form given in (A 17),
rawe is: where the matrices A, B. and the vector 87 are now:

= ZR= (A28), (A29) I -dI

do -T---

where R is the gain in amplitude of the signal, and 0. is -, do ,

the spatial phase shift of the commanded signal relative to A I. dL,
the measured signal. In practice, non-ideal behavior will 1 -(in, . 0
cause the output from the actuator to differ from the 7, do
command given by the controller. To capture the non-
ideal dynamics, the acwtawr is modeled as a first order 0 0
system:

-a,. (A30) (A37)

where ? is the time constant associate with the actuator. B 0 I 0 0 ,n 5 A8) A9

If the flow coefficient (axial velocity) at the compressor B ,
face is sensed the actator equation becomes: 0 0 1 / 61

F J6 2 - Oj 611 with:

Sensing the other fluid dynamic variables give the , (0(4
following acmatu commazid C= 4+)) ,and = +L,.s+L,... (A40),(A41)

stagnation presIre upmstram of the actutror There are four eigenvalues for each spatial harmonic of the

Jill sp = - Z!.0 - 0--) (A32) disturbance.

I. L ' P112  01
static pssure upsuearm of the actuator

11



VI. CONTROL OF SURGE AND STALL WITH STRUCTURAL DYNAMICS



Dynamic Control of Centrifugal
I Compressor Surge Using Tailored

D. L.. Gysling Structures
J. Dugundli A newC Imt'Aodfor dynamic confttO 'of fefhvuj-kwi ;vese-t ZraZ

rne OpPrOOCA -itake 41* JUPW0 Tvp r fII ivýW Mcd~~t IA~fg :l.t .t.
dynaic~J b~rniqvicv Gstinf strutu~ r~fefal 1.dorkMer 0! ain ~. doC 40.IE. M . Grgitzer vrarn vlmeorPlenum.a osrcesosto1Crinnp- !

untt eady energy pevrtitrbaimpts pteo4wc t4 th obrnf NsC.rnft!h :u

A. H. Epstein oeai ag f:ec~rinrze nts ae.a~'pd~et
J carried~ our to deline the cou;4d airidynemk(jd stuvctural m:j~rm b~wtpor c

Gas Tur~tae L.Jowatcrv, the potenti-al fot stbsitaitio. Fuint-ofa-4kind erprrnwirAU a'v fem conducted rto

0eiiatMent of AMNC n sronjutiS~kiOlUIK trmm the conclsions of the analysis, As p'tdcted ty theI mtodiO and desnonrftmirr

CaniOrdgii. MA 02139 i a cenrI'swfuga compelmlon system A. rougrAlh 23 por ynifor 4 raffe of opera;vM1
condirom.In aditio, boausethe!inorvd dirscmgac of the str-ucatue *cry toriupý

press trutabdilawi n thtit initial stages, Mut control wos vcAteirsabj with rrelortveýr
larle power being d~wpvaed by the rnevabit wall systemi, anid with no moracrobie
decrease in strady-store perf ormiance, AltAouigA~ detilnedan the bwa of hvvro.' ivsisIconierti~~ons, the structural control a shown to be coqpofrivof suppre~sing wm

Introduction
The operating range of turbomachinery compression syistemrs even previously unstable. regions of the comptiressr mar, 73he

is very often limited by the onset of fluid dynamic instabilities. expennsmental phasm of the current research is focus~ed on cen-
Surge is a self-excited. essentially oue-dimensionai instability. t~rifugal compression sysirms. although the analyisi applies to
which is chiftacterued by oiscillistions in areai-averaged mass mjal compression systemsh as Weil.
flow and pressure rise, and is generauly, the most importantI instability in centrifugxl compression systems. Surge can cause
reduced performance and efficiency of the tuarbortitchir't, and Dytiatic Surge Suppiremion
in some cases, failure due to the large uasteisdy aerodynamic Surge is the manifestation of a dynamic instabiliy, which
forces on the blades (&ecuing. I9M). occurs when the comprtssor feeds more miechan.;4al er~et-gI ~To avoid surge, the co pression system is generaly operated into dssurbanct.. than the rest of the system can dissipate The
away from the "surge Line." the boundary betweer stable and result is an oscillatory disturbanc that grows cxpurtienziy.
unstable operation on the pressure rise versus mass flow per- until lisnited by nonlinearity, into a limit cycle (surge cytiet
formance map. Operaiting the compressor at some distance The key to dyntaruc: surge suppression, therefore, lies in in-
from this line. on the negatively sloped paut of the compresor creasing the system's ability to dissipate or danp this disturb-
speedlines, can ensure stable operation. Doing this, however. ance energy (Epstein et aW., 1"19).
may result in a performance penality sinze peak performance There have been several invautgatiotls of surge suppresson,
and efficiency otter, occur a-ear the surge line (Deaw and Young. All in recent years, using closed-loop active control to increase
1977). system damping. Ffowcs Williams and Huausg (19M) used a

The goa of the research described here is to develop methods movable plenum wall, driven by a signal proportional to the
to extend the stable operating range by modifying the dynamic unsteady plenum pressure, to suppress surge in a centrifugal
behavior of the compression system to suppress surge. This turbocharger. Pinsley e~t al. (1991) describe active stabilizatiors
would allow compressor operation in previously unusable, or using a varitl~e artea throttle valve, also driven by a signal

proportional to the unsteady plenum pressure. Both of these
Coawbtad b lamntuo~I Gs Tsbie tisiiia. a metii~ ~ studies demonstrated that surge can be suppressed in the linear

35;h nburiwon Thbyteftmot GsTriemtu ww one at th regime. before the disturbances grow to large amplitude, by
gals. Dalsism. Jim" 11-14. IMO. Mntisrio rgom by th neam a modification of system dynamics through closed-lo-op control.
Turisint Isswiuce Jaaauar it. 1990, Paper N4o 9o-Gr-iu.2 There has been little previous work on stabilization using
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A) 0010 WALL. namics aý a feedb~ack. mecA~m. A fnoQatie PitnL~f
used 44thte taloredj structure The muable Aal7! act at a as sl

Comrue"w spring-damper system drive by utnt$ya prrt- e pe•,•,,D-
tiolL in the plernum. and ags motion is thus catupjcd to tSCoMplres"on system dyamics. A satsc of a gcVIC frit-d

compfession system and a moditfed compression s sýcnm h1a',i
® t a tailored Structure is shown in Figs- I$ j and l6b)It will be demfonstrated that an appropriately talloted mo'Lriblt Duct plenum wail can stinir aftoy exten d the stable op criin g range

of a compre.sion system. The ae~oelastic coupling Letwven the
wall and the basic compresson system allows the damper on

8) 10 .•iUSLA PNLf/e.U WALL P Won the moving wall to dissipate mechanical energy associated with
(Oradr Paru" tU• Wflow distutbances, thereby supprwing surge The degree of

suppression depends on matching the structural dynamics to
the system fluid dynamics. A sew of an dinmensionai paitin-
eters, wtuch govern the interation between the eomarcsion
sy-tem and the wall. are thus presented and their influence is
developed. Expenment are carned out to evaluate the actual
performance of the flex~bie plenum wall system and the an-
al yt ical modelI

ffn System Modeling

® 1 0• • (1) The basic lumped parameter model of the compression svys
tern has been used by other authors to invesugatwe surge for a

11" Duct rngid plenum configurauon (e.g.. Enmons et a&., 1955; Grevzer.

Fig. I 30OMMUC Of ridd (fitz) wall (a) and movle4 p•enum wailt ( 1981). In this description, system inertia is reresened by the
compresiaon sysltms fluid in the inlet ducting, system compliance ts due to the

compressibility of the fluid in the plenum, and system damping
(positive or negatve) is due to the compressor and the throttle.

strctural feedback. In this approach, the dynamic properties The differential equations desribing the compression system

of the system are modified so that the compression system with flexible plenum wall are given below.

becomes inherently stable, without external input. A limited
analytical investigation of such a control scheme has been Inlet duct momentum
carried out by Chen (1987). He found that a variable area
throttle valve, modeled as a mass-spring-damper driven by (P+ AP,- P,)A.- di (1)
plenum pressure pert rbations, would have a stabilizing effect.
but that a flexible plenum wall with no damping would be The quantity AP, is the compressor pressure rise, which is a
destabilizing, known function of mass flow, m.

Scope of the Present Work Ma=s conservation in the plenum

The work reported here is directed at surge suppression in m- = d (p, V) (2)
centrifugal compression systems using tailored structural dy- d3

Nomenclature

wl - Helmholtz frequency=

a = speed of sound U - impeller exit tip speed He lozf'rV uc
A,. = compressor inlet area v - nondimeisional wall veloc- - frequency of wall mass
Ap w plenum movable wall area ity spring-damper system

8 = stability parameter V - volume d4,'de - slope of compressor char-
-(U/2a)v/ (V,. 1 /A..L) W - nondimemsional wall aero- acterisic

(U/2-HL.) elastic coupling parameter
C, = axial velocity - nondimensional wall damp- Subscripts
f - Coulomb friction force ing ratio parameter c - compressor
F - nondimensional Coulomb nondimensional wall dis- in = compressor inlet

friction force - (•oUA,) placement p - plenum

I = rotational inertia of turbo- p - density t - throttle; tip of impeller exit
spool 7 - nondimensional time = 0 - ambient conditions

L - effective length -I - compressor exit I
m = mass of plenum wall - mass flow coefficient 2 - plenum exit
Ph . mass flow mI(p0UA,)
P = pressure - plenum pressure coefficient Operators

AP - pressure difference , (P, - P0)/0.SpoUv 6( ) perturbation quantity in U
APý - compressor pressure rise = compressor pressure rise analysis
,P, - throttle pressure drop coefficient - APr/0, 5pCA E-) - time averaged

q . wall displacement - throttle pressure drop coef- ( ) - fluctuation in experimen-
Q - wall frequency parameter ficient - AP,/0.5p0V

1  tally measured quantity
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Throttle pressure drop characteristc For the fixed wall compression system a, a given opera'rg
P,-, P, (3) point, the magnitude of the (positve) compr essor charal-ter~slic

slope required for disturbances to grow is set by the B-param.
The throttle pressure drop AP, is also a known function of eter, which can be viewed as providing a measure of the cou.
mass flow. pling between mass flow oscillations through the compressor

Wall dynamics and through the throttle. The larger the 8-parameter, the more

mq -,- c4 + kq - (P, - P•,.", v..)A, (4) isolated the throttle is (from the compressor), and the less able

Linearizing and nondimensionalizing the equations of MO. to remove energy from flow disturbances. As the B-parameter
tinaz asshownd inoteappndi yieldso n the eoluwiong nondtoo- increases, therefore, surge occurs at a smaller positive com-tion as shown in the appendix yields the following nondimen- pressor slope.

sional equations describing the linear stability of the system: The tip Mach number (based on plenum condiuons) is de-
Inlet duct momentum fined as:

dA 1c-&61 • (5) ME

Mass conservation in the plenum The tip Mach number enters the system equations as a measure
of the effect of wall motion on the mass balance in the plenum.

d-5" ! 6- - (16) It thus does not appear explicitly for a fixed wall configuration.
d B a( The tip Mach number affects the coupling of wall motion to

compression system dynamics by determining the degree to
Throttle pressure drop characteristic which plenum pressure responds to wall motion. The pressure

"7Z and mass flow fluctuations are functions of tip Mach number(they scale as M 2 at low speed), but the wall motion is not.

The Mach number is thus a measure of this aerodynamic-
Wall dynamics structural coupling, rather than a representation of the im-

/u )- portance of compressibility in the system dynamic model. The
d6u WB)6ý (2 ' -( 2 (8) larger the Mach number, the smaller the effect a given non-

'' ((9)
dt 2- a) Rigid Wall

In Eqs. (5)-(9), nondimensional pressure rise and mass flow t Unstle
coefficients, ý and o, are defined as

A rm
l •ov, poA.,u

The nondimensional wall displacement, •i, is given as L.0

In Eqs. (6)-(9), perturbation variables are denoted by 6(), 0.5.
and steady-state variables are represented by ( ). Nondimen.
sional time is defined in terms of the Helmholtz frequency, r
= wt, where the Helmholtz frequency is defined as: 0.0 ! I • I I ..

W 3 . .l,- -1.4 -1.0 -0.6 Rel -0.2 0 0.2 06

Other definitions can be found in the appendix. to b) Moveable Plenum Wall
The parameter dtkldi is the slope of the nondimensional (Tailored Structure)

compressor pressure rise characteristic and is linked directly Stable Unstable
to the onset of the surge instability. In the regions of the
compressor map where this slope is negative, both the throttle .si5
and compressor act to damp out flow disturbances. In the * OSii
positively sloped regions, the compressor adds energy to dis- * • .175
turbances while the throttle continues to dissipate unsteady
energy. For a rigid wall system, therefore, the flow through - 1.0
the system becomes unstable when the compressor feeds more
energy into disturbances than the throttle can extract. .09 2

Noudimeusloal Parameters. The behavior of the system 0.5. A70
described by Eqs. (5)-(9) has a complex parametric dependence o
involving the following nondimensional parameters.

The B-parameter has a major influence on the surge dy- -
namics of the compression system (Greitzer, 1981). It is defined 0.0 , -r - - -1- ,-I T i - ,
as: -1.4 -1.0 -0.6 P .2 0 0.2 0.6

Real

u u Fig. 2 Root locus plots for 4gb wall (4 and movable plenum well (a
5•- -- .... "--eE compremsson systems: B . 0.5, M w 0.4, W a 0.11, " 1.S. 0 a 0.S1
2w~,f~e 23 A , r l or movable wall system
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I
dimensional wall motion has on nondimensional mass flow 0,5 is shown in Fig. 2(a). The compressor pressure rise chat-
and pressure perturbations in the system. acteristic used is based on a third-degree polynomia! curt'e fi1

The parameters W, ý, and Q determine the wall dynamic of Pinsley's (1988) measured 70K speefdLne as shown in Fig
characteristics relative to the unsteady behavior of the basic 3, the measurements being conducted iusing a close coupled
(rigid wall) compression system. W is an aeroelastic coupling throttle to avoid surge. The abscissa and jrdinate of the root
parameter defined as locus plots are nondimensionawized by the system Helmholtz

resonator frequency. The roots are plotted as a function ofW nondimensional flow coefficient for flow coefficients ranging
M V, from 0.175 to 0.070 in increments of 0.005. As the mass flow

This parameter determines the degree to which the wall re- decreases and the compressor slope increases, the pcls awe
sponds to the pressure fluctuations in the plenum. Increasing driven from the left half.plane (stable) to the right half-plane
the W-parameter implies a greater wall response to penur- (unstable), with the imaginary axis defining the neutral stability
bations in plenum pressure. point. The behavior is that of a (positively or negatively)

Pis the critical damping ratio of the plenum wall mass-spring- damped second-order system. The neutral stability point for
damper system, corrected to remain independent of compres- this fixed wall system (at 0 = 0.116), as indicated on the
soe operating conditions. Correction is necessary since the compressor characteristic In Fig. 3, occurs near the peak of
aerodynamic spring constant, and hence, the wall natural fre- the characteristic, which is located at * - 0. 120.
quency, varied with plenum pressure. r is defined as The introduction of a movable plenum wall introduces a

second mode of oscillation to the compression system. A root
c locus plot for the two modes is shown in Fig. 2(b). again

2mWp'00 using the compressor characteristic shown in Fig. 3. One char-
acterisric frequency is somewhat close to the Helmholtz fre-Q defines the ratio of natural frequencies for the wall mass. quency, but there is now another frequency that is associated

spring-damper system and for the fixed wall compression sys- primarily with the wall motion, More importantly, however,
tern (the Helmholtz frequency), also corrected so that it is the neutral stability point occurs well past the peak of the
independent of compressor operating point, characteristic in the positively sloped region at 0 - 0.92- this

is also indicated in Fig. 3. Away from instability (high mass
Q P00 flow), the moving wall system has one (damped) oscillatory
W H1 mode and one nonoscillatory (overdamped) mode. Near insta-

bility, the two modes exhibit increased fluid-structure coupling
and both become oscillatory.Linear Stability Analysis To optimize the moving wall compression system perform-

Linear analysis of the system stability for a given set of ance, a parametric study was performed. Since the B-parameter
operating conditions leads to the set of equations shown below: and Mach number are not independent quantities (both scale

with wheel speed), the relation between these two parameters

in this study is based on selecting values for the dimensions
B -s -2B 0 0 of the compression system that were typical of modern

compression machines as well as convenient from an experi-
I• mental view point. The parameter search showed that movable

2BP 2B4o P0 wall performance is optimized, over the range of B-parameters

and Mach numbers used, with the following control param-
eters: W = 0.11, r" = 1.5, and Q - 0.51. (These parameters

L 0- Qwere used in Fig. 2b.)
0 PO QZ -2'Q -- s The steady state mass flow coefficient by itself (i.e., explicitly

Po ~rather than through the effect on compressor characteristic
slope) is not a very useful indication of stability for the op-

[~ [ 01timized moving wall system. Determining the maximum corn-

X I2 0 (10)

Equation (10) constitutes an eigenvalue problem for the (com- - *

plex) growth rate, s, involving two coupled dynamic systems: So. oune "reu"yrnywY
the compression system, with variables 60,h and 602, and the 2.0
moving wall, with variable h and 6v. The terms associated

with the uncoupled fixed wall compression system and the 1 je _
moving plenum wall dynamics are located on the tridiagonai 1'6
of the stability matrix. The two nonzero terms located off the
tridiagonal are the aeroelastic coupling terms.

Solving the eigenvalue problem as a function of B, M, 0,
W, r, and Q and using the experimentally determined com- 3 1.2

presser characteristics of Pinsley (1988) enables prediction of
the instability onset condition for various system and control
parameters. The fixed wall behavior is obtained in the limit
of either W = 0 or Q = c. Either has the effect of making 0. , -.
the wall appear massive and the spring constant stiff, or es- 0.0 0.oe 0.12 0.1O 0.24 030
sentially rigid. m, Flow c..ffllnot, #I

To illustrate the trends obtained from the stability com- Fig. 3 Compresor pressure it" characterltlc used In analysis; data
putations, a root locus plot for a fixed wall system with B = of Pinesey (l988)
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J 2 EFFiCT Of i PACHAMIVTR ON STAli5UTY

16- 0 0 -0 10..61.2 - Opiie

0.S2 .CT Of 8ACH .M9SER ON .TA04ffY

5.00

'0,0 02 04 04 C a
E no math Nufteet (19)

.4-------- Fixed Well0. Fig. 4 Independent effects of 111,irm.otr an~d Up Mach numbew on~
_______------------------__---____ maximumn a lhiewatl compreso cltarecleasoc Oki"p for fitiote 090'.

FIg. 4 Maximum achievable compressor cwhaacterialsl slope "or stable
compresor operation versus &P&of 0.2 O 3 n M vuIt

2 EFFECT OF COUPUNC PARAMETER ON STABILITY Mia

"" • tuned" for each compressor operatn0 condition. The .ndi.A"0.0,' 1,2 1 . pendent effects of B-parameter and ip Math number. for a
Vsystem with a fxed set of control paraCueiers, are shown in

2-EF F FREUENCY PARAMETER ON Fig. 6 where one partamter is held constant and the other
varied. As discussed, althougr h the tip Mach number does not

direcly affect the stability of a system with a fixed wall, it is
2-] EFFECT Of DAMPING CONSTrANTON STABILITY an important parameter for the stability of the moving wall

system.

_ _ Energy Analysis

0.0 0.1 1.2 1.8 2.4 3.0 To examine the physical mechanism associated with stabi-
Darnping Constant C) lization, it is useful to look at the perturbation energy. From

Fig. 5 Effect of tailored selnctur control parameters on maximum this viewpoint, the system is unstable when more energy is fed
achievable compressor characteristic slope for stable operation. f in. into any mode of oscillation over a cycle than is removed;
dlcaIn optimum value fom prametr sem'ci neutraW stability corresponds to zero net energy input. Because

the modes are orthogonal, it is only necessary to consider one
mode at a time. If any mode is unstable, the system is unstable.pressor characteristic slope at which the system was stable The analysis is given by Gysling (1989) and we present here

versus the B-parameter was found to be a much more useful only the central result.
discriminant for the effectiveness of the control strategy. The Figure 7 shows the relative perturbation energy input and
maximum stable slope versus B-parameter for the fixed wall dissipation over a cycle at the neutral stability point, as a
system and for the (optimized) moving wall system is shown function of the B-parameter for the mode that becomes un-
in Fig. 4; as indicated, the movable wail system is capable of stable first. Energy dissipation due to the wall motion is dom-
stable operation at a positive compressor slope that can be an inant, being more than ten times that for the throttle over a
order of magnitude larger than that for the fixed wa system large range of B-parameters. The stabilization due to the wall

We can also plot maximum stable slope versus each of the is thus direct dissipation through plenum wall motion, rather
control parameters about the optimized values to see how than modification of thesystem dynamics to promote increased
rapidly one departs from optimum conditions. Figure 5 shows dissipation in the throtle, as was the case in the throttle control
the variations in maximum stable slope versus W, t. and Q, experiments reported by Pinsley et al. (1990).
respectively. The opimized values are indicated by arrows.
Although substantial cbages in the structural control param-
eters away from the optimized configuration will degrade per- Time-Domain Analysis and Nonlinear Aspects
formance, the stabilization is insensitive to small (* 25 percent. The linear analysis yielded a set of optimized, nondimen-
say) variations. This implies that the system need not be "re- sional control parameters, which gave large increases in the
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:vnts the w allmfua Resond eng tor d e lod s atresh-
Fig. 9EfcofCuobM llnalimit cyrcle amplitude: optimized old level. i.e.. disturbances must grow to a critical amplitudesystem Parameters before the wall can respond. Therefore, in a strict sense. op-

traingpontsto helef ofhenatural surge line remain linearly
uinstable for the actual (nonideal) tailored structure system.Istable flow regime, The response beyond the initial instability, The linear instability that results from the presence of Coulomb

i.e., the nonlinear system behavior, is also of interest. Non- friction grows into a Limit cycle, whose amplitude (for a given
linear computations were thus performed to assess the effects compression system and set of control parameters) is a functionof finite amplitude disturbances and of nonlinearities in the of the nondimensional friction force, F, defined as Iwall dynamics. The equations of motion were integrated using

the Newmark time-averaged acceleration method (Bathe and F-
Wilson, 1976). As in the linear analysis, the compressor char--.-t I
acteristic shown in Fig. 3 was used. and the slope of the compressor characteristic. I

As an example of the results, Fig. 8 shows the time response The effect of Coulomb friction on surge suppression is dem-
of the optimized system to a small impulsive disturbance at onstrated in Fig. 9 where the toot mean square of the calculated
the inlet operating near the linearly predicted stability line (0 limit cycle pressure fluctuations, divided by the steady-state
= 0.096). Wall motion and pressure perturbations exhibit es- pressure rise, is plotted versus the local compressor charac-
sentially damped harmonic motion. A more interesting point, teristic slope, for various nondimensional friction levels. The
to be discussed further in connection with the experiments, is vertical dashed line denotes the value of slope corresponding
that the nonlinear computations showed that introducing wall to the results in Fig. 10, discussed below. The maximum value 3
motion into a fixed wall system undergoing deep surge cycles of the slope prior to deep surge (large amplitude oscillation)
could suppress the surge. In other words, even though the decreases with increasing friction levels. The deep surge bound-
control scheme was designed based on linear analysis, it was ary for the nonlinear system with Coulomb friction agrees well
useful for oscilladons that were strongly nonlinear, with the linear stability boundary in the limit of zero friction.

An important use of the nonlinear analysis was to examine With increasing Coulomb friction levels, however, the per-
the effect of Coulomb friction in the wall dynamics. The pres- formance of the movable plenum wall system approaches thatence of Coulomb friction, in a strict sense, invalidates the of the fixed wall system. Analysis showed that the movable
linearity assumption. However, the degree to which the ac- plenum wall became unable to suppress surge significantly past
curacy of the linear model is affected is a function of the ratio the rigid wall surge line for nondimensional friction levelsof the Coulomb friction forces compared to the other, essen- greater than F w 0.02. Itially linear, forces in the system (Haffman, 1962). To assess As examples of predicted limit cycles with different levels
this, computations were carried out with a constant magnitude of Coulomb friction, the time response of systems with various
friction force imposed on the wall in the direction opposite to levels of Coulomb friction to a small impulse (0.01 in units of l
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#') is shown in Fig. 10. Parameters are given in the figure
caption. The amplitude of each limit cycle is indicated in Fig. Tablet Design Iptciication tot the fatlble I. pnum wail eolpormmin
9. faciliy

The disturbance decays in the system without Coulomb fric- B P 0.65 t
tion, but grows into a limit cycle in the systems with Coulomb Helmholtz Frequency 18.5 Hz to 19.9 Hz
friction. For the system with a small amount of Coulomb W Paimeer 0.11
friction (F = 0.006) the limit cycle is small and approximately Q Pmn-Attr 0.5 !
sinusoidal (mild surge) with frequency near the predicted Panrerica 1.5 to 3.0
Helmholtz frequency. However, for the system with larger Arn of Wall 0.0669 m-
Coulomb friction (F - 0.030), the limit cycle is no longer Mass Of Wal 6.2 kg
sinusoidal and contains regions of reversed flow (deep surge). Volum of Plenum

Inlet Duct Length 1.16 MInIt Ana 0.00125 m2

Experiment Design Auxiliary Plenum Volume 0.0388 m3
Aerodynamic S ra Constant 24,000 n/m to 35000 nm

The basic prediction is that a properly designed moving Mechanic Spnng L4ant 2100 n/M
plenum wall can substantially increase the stable flow range DampngCodeficicn: 1000 n /rn to 2000 n s/r
of a centrifugal compression system. To investigate this ex- Maximum Will Monon ./-1.25 cm
perimentally, a design study was undertaken to match the Coulomb Fncon 10 n
nondimensional control parameters, while minimizing the ef-
fects of nonlinearities, in a physically realistic device.

The conceptual design was based on use of an existing cen- position. The mechanical spring also allowed the steady-state
trifubsl compressor facility, constructed to investigate active position of the wall to be adjustable.
throttle control of surge. The facility is described in detail by Because the presence of the steady-state equalization tube
Pinsley(1988); however, the major components will be outlined could affect the behavior of the aerodynamic spring, corn-
here. The centrifugal compressor was a Holset model HID putations were carried out to quantify the effect of leakage
turbocharger. The impeller has an inlet area of 0.00125 m2 between the two plenums. The leakage was modeled as flow
with hub-to-tip radius ratio of 0.37 and exit tip diameter of through an orifice plate. The results are shown in Fig. 12,
0.055 m. The compressor has no inlet guide vanes, six blades, where the decrease in maximum slope prior to surge is plotted
six splitter blades, and a vaneless diffuser. A schematic of the versus nondimensional orifice area for the optimized system
compression system facility is shown in Fig. 11. at typical operating conditions. Leakage caused small ampli-

tude limit cycles similar to those predicted to occur as a result
of Coulomb friction, so it is important that leakage be kept

Design of Movable Plenum Wall to a minimum.
Several different ways to implement the control scheme me- A viscous dashpot was used for the damping. To minimize

chanically were reviewed. A major constraint was that the wall Coulomb friction, a low-friction, pneumatic, double acting
had to be capable of withstanding large steady-state and tran- actuator was modified to serve as a damper. The actuator was
sient pressure loading, yet still respond to small amplitude filled with SW-30 oil and the ports on either end were connected
perturbations in plenum pressure. A rigid piston serving as the through a variable area valve. Testing of various dashpots
plenum wall, and an aerodymunic spring, were determined to developed from the same basic design showed that the force-
be practical solutions to these constraints. In particular, a velocity relation for the dasbpot was closely linear over the
design utiliing a separate, explicit spring, mass, and damper expected range of wall velocities, as well as easily adjustable.
was attractive since it facilitated parametric experimentation. The final rig specifications are given below in Table I and
No attempt was made to engineer a "flight weight" system. a detailed drawing of the movable plenum wall apparatus is

To serve as the movable wall, the rigid piston was mounted shown in Fig. 13.
on a shaft, guided by linear bearisup and allowed to float
between the main plenum and an auxiliary plenum. The seal
between the two plenums was made with a low-friction, con- Experimental Data and Analysis
voluted diaphragm. A small-diameter tube connected the two The compression system was investigated with fixed and
plenums so they were isolated for high-frequency pressure dis- flexible wall for three different sets of structural control pa-
turbances (i.e., surge oscillations), but steady-state pressures rameters, at 3-parameters ranging from 0.65 to 1.0. Steady-
were equalized so that no steady-state load existed on the state measurements were used to map the compression system
piston. A mechanical spring was used to maintain a constant performance and to define the surge line for both fixed and
equilibrium position for the piston over various operating con- flexible wall systems. Time-resolved measurements were used
ditions since at steady state, the plenum wall had no preferred to evaluate the model assumptions and to determine the per-
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Steady-Slate Behavior. The experimental compression sys- lig Fkw Ctcient

tern could be operated in a filed wail configuration by shutting FIg. 15 LimIt cycle pressure pufastlon amplitud~e versus messl 11ow'
the steady-state pressure equalization line and bleeding the C©efkle, 90K speedlne otim Ized movebi wail system I
auxiliary plenum to atmospheric pressure. Pressure in the mafn
plenum then forced the w allagaknst its upper stops, yielding

a fixed wall configuration. Forcing the plenum wall against with various levels of wall damping. The wail was operated at
the upper stop rerulted in increasing the plenum volume ap- the theoretically optimized configuration (WV w 0.11, Q I
proximately 5 percent, and, hence, the B-parameter 2.5 per- 0.51, 2 2 1.,5) as wee as at values of u t 2.25 and 3.0.
cent, which had a slihtly destabilizing effect on the rled wall The steady-state compressor performance map for the three

compression system. Any movement of the surge line to the mouable wall configurations and the fixed wall system is shown
left due to wall motion will thus slightly overestimate the actual in Fig. 14. The steady-state pressure ratio is una ffected by the

increase in stable flow range, although this difference is small presence of the moving wall in the stable flow range of the

wall systems. (We have not tried to correct for this in the data stantially. Also, the degree of surge suppression achieved is
presentation, but it should be noted that our est~imates of the dependent on t1e movable wall control parameters, as pre-

shift in surge flow coefficient due to this change in B-parameter dicted. The optimized configuration performed the best, with 3
are roughly one-half percent of the surge mass flOW as a worst the performance of the other two configurations decreasing as
case (at low speed), and one or two tenths of a percent at one moved farther from optimum. A surge line recorded for 1!
higher SpeedIs. Thus, these changes are, in general, two orders the movable plenum wall system with a lower than optimum r UI
of magnitude less than the difference between the fixed wall damping ratio (•" = 0.75) confirmed that movement in either , 3
and the movable wall surge points.) direction in parameter space away from the optimal damping-

The compressor was operated at correced speeds (referenced ratio was destabilizing.

to 288 K) ranging from 60,000 rpm to 100,000 rpm, corne- Figure iS shows the root-mean-square value of the fluctua- l
sponding to a range of B-parameters of 0.63 to 1.0. The steady- tions in plenum pressure versus mass flow coefficient for the II
state performance is reported in terms of (inlet total to plenum fixed wall system and the optimized movable plenum wall

static) pressure ratio and mass flow, given in standard cubic system at B - 0.91 (90K speedline). On the negative sloped
feet per minute (SCFM). Mass flow is also given in some of region of the speedine (above~ -, 0.155), the rnu pressure
the figures in terms of nondimensional flow coefficient, an- fluctuations for fixed and movable wall systems are the same.

nufus-averaged inlet axial velocity divided by tip speed. However, small-amplitude limit cycles exist in the stabilized
Because it was of interest to operate with the movable plenum region. Based on the results of numerical calculations, these

wall in the opwnized as well as in the nonoptimized config- limit cycles can be attrbuted to Coulomb friction in the wallurations, speedlines for the movable wall system were recorded motion and pressure equilization leakage. Small amplitude
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12 -F
limit cycles also occur over a limited range of mass flow in the .G C
fixed wall system prior to deep surge; these, however, appear 0.8 70K S iine
to be a result of nonlinearities in the compressor and throttle
characteristics. 0A4

Figure 16 shows predicted and experimentally determined
surge lines for the rigid wall and for the optimized system. 0.0
The predicted surge Line is based on the linear instability point 0,0 006 0.12 016 024 0 30
as determined by the eigenvalue stability analysis described M 0
previously. The experimental surge line is defined as the onset M=s Fow C4*fkn, 0
of deep surge (i.e., reverse flow); this also marked the points Fig. 16 Compressor chisterhsttc with points Mt which timer-esolved
at which the time-mean pressure ratio dropped sharply. The data we shown

compressor characteristics used are from a third-degree poly-
nomial curve fit of the speedlines measured by Pinsley (1988). k P--*% W low Cofficient.t

The experimental results can be compared to the nonlinear 2.0. 1.0o
calculations by examining the amplitudes of pressure fluctua- ] Point A
tions in the plenum as a function of mass flow. As inputs to 1.0 0.5 9 -. 113
the "alculadon, the friction force present during wall motion
was measured to be approximately 10 N and the leakage was 0.0. 0.0
estimated to be equivalent to a 0.003 m diameter orifice plate.
The results of the calculation and experiment for the optimized 2.0 1.0 Poin a
system operating at B = 0.91 are shown in Fig. 17, where the 9 * .124
amplitude of the small plenum pressure limit cycles before the i.o 0.5
onset of deep surge are shown versus mass flow coefficient.
The linear stability boundary is also shown in the figure for .0. 0.0
comparison. The linear analysis does not predict the small-
amplitude limit cycles in the stabilized region, but it is able to 2.0,- 1.0
portray accurately the onset point for deep surge. The reason
is that the oscillations are the result of nonlinear effects, de. . 0.5
scribed above. If the nonlinear effects are small,'which is
inherent in the experimental design, the linearly predicted sta- 0.00
bility limit corresponds to the onset of deep surge.- The non- 0.0
linear analysis shows limit cycles in the stabilized region, " .
although the detailed relationship between mass flow and limit '.10 -. S_._......0.5
cycle amplitude is not captured. 0.0 0.1 0.2 0.3 0.4 0.0 0.1 02 0.3 0.4

•. t (See) T1_ (Mec)
Fig.•t • ofa t e.mse4 ed p.num promuwmo d mess flow

Transient System Behavior In fixed wl sytm (MoK sped, 8 a 0.73)

Time-resolved measurements were recorded for the fixed
wall compression system and for the moving wall system at
three control parameter configurations. The measurements pressure rise for the fixed wall system are shown in Fig. 19 for
were made on the 70,K and 90K speedlines, corresponding to three operating points (marked A-C in Fig. 18). The transient
B-parameters of 0.73 and 0.91. The data shown are from the mass flow measurements (taken in the inlet duct) are based on
former, at the points marked on Fig. 18. a linearized hot-wire calibration and the large oscillations in

As noted previously, the flow through the compression sys- mass flow are presented for qualitative information only. The
tern becomes progressively more unsteady as the system ap- data shown correspond to points in both stable and unstable
proaches the surge line. To demonstrate this, the time resolved operating regions.
nondimensional mass flow coefficient and the nondimensional For flows near point A, on the negative slope region of the
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unsteadiness is exhibited. I
Point B is slightly to the left of the peak of the compressor shown in Fig. 21, where fixed wall surge is suppressed by

characteristic. Sm.'J-amplitude limit cycles (mild surge) are equalizing the auxiliary and main plenum pressures, thus freeing
seen. The frequency of the mild surge cycle is approximately the wall from the displacement limiters. The time traces in Fig.
14.5 Hz, compared to the predicted Helmholtz frequency of 21 show the wall bouncing on the stops as the auxiliary plenum I
17.5 Hz. pressure equalizes. When the wall clears the stops, the deep

At mass flows corresponding to points C and below, on the surge cycle is suppressed. Although not shown, the wall con-
positive slope region of the speedline, the compressor is in deep tinues to move toward its steady-state equilibrium position as
surge. The time-averaged pressure rise and mass flow are de- the pressures in the auxiliary and main plenums equalize.
creased and the frequency of the oscillations has changed to Two other points should be made about the time histcory I
approximately 10 Hz. The hot wire does not distinguish re- shown in Fig. 21. First, the time scale over which the surge
versed flow, and the reversed flow regions are shown with a suppression occurs is considerably longer than any time scale
dashed line. The decrease in frequency is associated with the associated with the system oscillations because it is set by the
time needed for plenum blow-down and repressurization, as filling time (through the small equalization tube) of the aux-
described by Fink (1988). iliary plenum. Second, as seen in previous figures, the deep

With the moving wall system, small-amplitude limit cycles surge regime is one in which the oscillations are strongly non-
existed over the stabilized region. Figure 20 shows the non- linear, with mass flow oscillations greater than the time av-
dimensional mass flow, pressure rise, and corresponding non- eraged mass flow. This in1icates that the use of tailored I
dimensional wall motion for the medium damping structure can suppress surge even when the oscillations have

configuration operating at the oKspeedlinefor fouroperatin large amplitude. In this connection it should be noted that
points, D, E, F, and G, shown on the compressor characteristic similar behavior has been found by Pinsley et al. (1991) and
in Fig. iM. Ffowcs Williams and Huang (1989) using different active con- U

Point D is in smooth operation on fth negatively sloped trol schemes. Such behavior emphasizes that successful use of

region of the map. The steady-state and unsteady behavior is dynamic control is not restricted to the small amplitude regime.
similar to point A for the fixed wall configuration. The position
of the wall is shown to be stationary, indicating that the dis- I
turbances in the stable system are not large enough to overcome Dynamic Response of System Components

the wall friction. Compressor Bebavior. One of the major assumptions used
Points E and F are located on the positively sloped, stabilized in modeling the compression system is that the compressor

region of the characteristic and exhibit small amplitude limit remains on its steady-state characteristic during transient op-
cycles. The maximum wail motion required to stabilize the eration, at least for frequencies on the order of the Helmholtz I
system is approximately 0.1 percent of the plenum volume and frequency. To check this, the unsteady pressure rise versus
the power dissipated is approximately 0.05 percent of the steady mass flow relation (i.e., the compressor transfer function) can
power needed to drive the compressor. be calculated directly from the unsteady data and compared

At point G, in deep surge, the pressure and mass flow traces to the quasi-steady slopes. The unsteady data were taken from I
are similar in amplitude to those with the fixed wall, although operating points exhibiting small amplitude limit cycles. The
the fluctuations have a much lower natural frequency (4.-5 instantaneous pressure rise versus mass flow slope was deter-
Hz). Also, in deep surge, the wall is shown to be hitting the mined from measurements of inlet mass flow and plenum
displacement limiters, as indicated by the flat spots on the time pressure, due corrections being made for the inertia of the fluid I
trace of the wall motion. in the inlet duct. Only self-excited oscillations were examined,

Introduction of a movable f',enum wall can also eliminate so that measurements were obtained only at or near the system
deep surge when wall motion is initiated during an existing resonant frequency where there was an acceptable signal-to-
rufed wall surge cycle. This is demonstrated by the time history noise ratio. I
Joumal of Turbomachlnry OCTOBER 1991, Vol. 113 1 719
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S ~An alternative way to address this point is to note that if
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I 0.0. However, for a typical (say 2.5 percent rms) pressure fiuctua.
S. . '- tion, the measured wheel speed fluctuations are only 0,2 per.

S",cent, an order of magnitude less. The assumption of constant
wheel speed is thus adequate for modeling the small pertur-

00.. bation response, and hence linear stability, of the compression

00. 0 oo 0.14 0. o.1, system.
Mass Flow CoefMlent #

Fig. 22 Measured compressor transfer function and compressor char-
acterisfic slope values obtained from curv fits to sleady-state data Conclusions

Dynamic control using tailored structure has been shown to
The compressor slope, as measured, yielded a real and im- be effective in suppressing centrifugal compressor surge. The

aginary part. The real part represents the instantaneous slope use of a movable plenum wall shifted the surge line to the left
of the compressor characteristic. The imaginary part can be roughly 25 percent in flow over a significant portion of the
viewed as a lag term, similar to that discussed by Fink (1988), corrected speed range examined. The effectiveness of surge
which accounts in a rudimentary fashion for the unsteady suppression is a function of a set of nondimensional param-
aerodynamics within the compressor. The real part ofthe trans- eters, which govern the aeroelastic coupling of the wall to the
fer function is plotted versus steady state mass flow coefficient compression system dynamics.
for the 70K and 90K speedlines in Fig. 22. The data are from The present scheme was found to be robust, suppressing
both frxed and movable wall systems, indicating that, as would surge over a wide range of operating conditions with no ad-
be expected, the presence of the wall has no roticeable effect justments to the parameters. Use of a movable wall was also
on the instantaneous characteristic slope. Also plotted in the demonstrated to lead to suppression of existing (highly non-
figure are the slopes resulting from two methods of fitting the linear) surge cycles. In the stabilized region of the compressor
steady-state data; the derivative of a third-order polynomial map, surge was suppressed with no time average change in the
curve fit, and a third-order polynomial fit of the derivadve of compressor operating point.
a cubic spline fit of the steady-state compressor data. (It is The amount of control action (wall motion) required is a
important to note that, as can be inferred from Fig. 22, accurate function of the nonlinearities in the wall dynamics, such as
determination of the slope is difficult to do.) As shown, the Coulomb friction and leakage. For the op•imized configuration
compressor characteristic slopes determined from the steady- investigated in this research, the nominal limit cycle wall mo-
state data and those determined from unsteady data are in tion in the stabilized region was roughly 0.1 percent of plenum
reasonable agreement. In particular, the unsteady data fall volume, with frequencies near the Helmholtz frequency. Pres-
within the variance between the two steady-state slopes cal- sure fluctuations in the stabilized region were on the order of
culated by curve fits. The assumption of quasi-steady behavior 0.5 percent of the mean pressure rise of the compressor.
thus appears to be an adequate representation of the instan- Time-resolved data were used to verify some of the major
taneous compressor slope over the range of flow coefficients assumptions in the modeling of the compression system. Coin-
investigated. pressor transfer function measurements showed that a quasi-

The time lag for both the 70K and 90K speedlines was ap- steady compressor characteristic gave a reasonable represen-
proximately 5-10 ms, corresponding to 0.065-0.13 Helmholtz tation of the instantaneous compressor characteristic slope.
resonator periods. The compressor throughflow time can be These measurement also indicated that the improvement in
estimated at approximately 3.0 ms. The lag term is thus on surge margin is due to modification of the system dynamics,
the order of the throughflow time of the compressor and it rather than a result of modifying the compressor characteristics
seems plausible to atribute the lag to unsteady aerodynamic by altering the local flow in the compressor. The smallness of
effects within the compressor passages. This is in agreement the measured wheel speed variations supported the predictions
with the conclusions of Fink (1988), who determined that a that wheel speed variation would not significantly affect system
lag term on the order of compressor throughflow time was Stability.
needed for agreement between the predicted and experimental In general, all aspects of the experimental investigations
behavior of a compression system in deep surge. Fink also confirmed that the lumped parameter model of the compres-
found that a lag term of this order should have a negligible sion system provided a useful description of the system dy-
effect on system stability over the range of B-parameter in-' namics, both with and without the movable plenum wall.
vestigated, so it appears that the quasi-steady compressor slope The physical mechanism responsible for the surge suppres-
is adequate for predicting the onset of surge. sion with the flexible wall is unsteady energy dissipation due

Another assumption used in the present treatment is that to the wall motion.
the wheel speed remains constant for perturbations in mass The maximum stable compressor characteristic slope is bet-
flow and pressure rise. This is not strictly correct because ter measure of the effectiveness of this control scheme rather
pressure and mass flow perturbations vary the power require- than the minimum stable mass flow coefficient. The steady-
ments of the compressor, and hence cause the wheel speed to state mass flow coefficient has little effect, in an explicit way,
vary. Fink (1988) assessed this assumption and showed that on the stability of the compression system with the movable
variable wheel speed had a stabilizing effect on the compression wall, and the dominant influence of mass flow is through the
system. The degree of stabilization was shown to be a function relation between mass flow and compressor slope implied by
of a nondimensional parameter, defined as the compressor characteristic.
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Nonlinear solution of the system equations showed the ex- I

;ýtence of small-amplitude limit cycles in the stabilized region P , - - (A )
in agreement with measurement. These limit cycles were found 2 I

to result primamiy from '.'Oulomb friction and leakage. Finally, the motion of the wall is given by
-4-+ c4] + kq = ( PO- P,., via,)AP (A.4)
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A P PENDI The throttle pressure drop equation can be written as

Derivation of the Equations of Motion for the Movable Plenum 6 =!2 so&,
Wall System td

Consider !he compression system shown in Fig. I (b). The or (A9)
following assumptions are used: Ile flow in the inlet ducting P
is one-dimensional, incompressible, inviscid, and unsteady; the I0 = = 60
plenum pressure is spatially uniform and plenum processes are pt
isentropic; the fluid inertia in the throttle is negligible; the For the wall motion, we define the following nondimensionalcompressor follows a quasi-steady characteristic; and the throt- control parameters:
tie pressure drop mass flow relation is parabolic. pWA_,L

The momentum equation applied to the compressor duct
yields m V,

' A,+ dp (Al)

where L, is the equivalent length of the compressor duct. Mass
conservation in the plenum yields

d (pp V,) (A2) The wall dynamics can then be written in nondimensional form
m1- 2 = dt (A as:

The pressure drop across the throttle can be written in terms d6i d+ Q n
of the throttle mass flow as d7-+ 2fQ" + Q6 6 WBI60 (A10)
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Using the algebraic relation between 64 and 64o2, the throttle For reference, we also note that expanding the determinant
characteristic can be used to eliminate 6" from the set of for the 2 x 2 stability matrix describing the fixed wail compres-
nondimensional equations. In addition, we can define sion system leads to the characteristni. equation shown beiovk:

I dv.d i 1=
as a nondimensional wall velocity to convert Eq. (AMO) into S -+ -B S+ I - 0
two first-order equations. Rearranging these equations, and 2 B,
making use of Eq. (AM), yields the following stability matrix:

Bi B4 11)0 -- =-s - _ "• 0 (All)

o 0 -0

0 W _2 -- _Q_ -2 Q-s

The control parameters Q" and " are referenced to the Dynamic instability occurs when the first term in brackets
Helmholtz frequency of the compression system, which varies becomes negative. The condition for this is
slightly with operating conditions. They can be modified so
that they remain independent of operating conditions. Thus, 7 I
substitution of the following corrected control parameters yields -d > 4
the stability matrix given as Eq. (10):

""Q='4 GO which is the fixed wall stability limit.

2V"h
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Dynamic Control of Rotating Stall in Axial Comnressors
Usine Aeromechanical Feedback

D. Gysling, E.M. Greitzer, J. Dugundji

During the past year, dynamic control of rotating stall in axial flow compressors has been

successfully demonstrated. Based on results from a two-dimensional model of the rotating stall

dynamics of axial compressors, a device was designed and constructed to extend the stable flow of

a single-stage axial flow compressor. This control strategy modifies the unsteady, non-

axisymmetric fluid dynamics of the compression system with a circumferential array of discrete

jets located axially upstream of the compressor. The amount of high momentum fluid injected

upstream of the compressor is regulated by reed valves. The cantilevered reed valves, ruodeled in

their first cantilevered bending mode as mass-spring-damper systems, are driven by unsteady

pressure perturbations in the flow field upstream of the compressor. The reed valve dynamics

form an aeromechanical feedback loop that determines the coupling between the rotating stall

dynamics of the compression system and the high momentum air injected into the face of the

compressor.

The basic theory used in the design of this control strategy is similar to the theory used to

design the movable IGV control scheme, successfally used to stabilize rotating stall by Paduano

(1990) and Haynes (1992). However, several distinct differences exist which will add to the

knowledge base for controlling rotating stall in axial flow compressors. The unique features of

this control strategy include:

1) Aeromechanical (or structural) feedback is employed for the first time.

2) The control law used is implemented on a local basis; previous methods have used modal-

based control laws.

3) Static pressure is used as the sensed variable; previous method have used mass flow as the

sensed variable.

4) The feedback law used is a second order, in time, dynamic compensator;, previous methods

have used proportional control laws.
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5) High momentum jet actuators are used for the first tine. I
The effect of dynamic mass injection on the rotating stall dynamics of the compression 1

system were analyzed using the Moore-Greitzer model. The model consists of three basic

components: a potential upstream flow field, the compressor (with feedback ircorporated), and a

rotational downstream flow field. The effect of the dynamic control strategy was incorporated by

modifying the pressure rise and mass flow boundary conditions across the compressor. 1

The high momentum fluid injected upstream of the compressor was assumed to mix out

before entering the compressor, thereby modifying the local (aroirnd the circurnference) total

pressure and mass flow entering the compressor. The feedback is incorporated by modeling the

reeds' response to non-axisymmetric pressure p,.tum.-.uons in the upstream flow field.

The stability of the compression system was determined using a small perturbation, 3
linearized eigenvalue analysis. With the dynarruc, -:,,tro)!_2ratcgy, the stability of the system to

non-axisymmetric disturbances is a function of the original compression system parameters plus a 3
set of control parameters. These parameters are:

a/a• slope of compressor specaline I
Xfluid inetia parameters

* mass flow coefficient

n harmonic number

W reed valve mass parameter

Q reed valve frequency parameter 1
reed valve critical damping ratio

injection velocity parameter

A parameter optimization study was performed which predicted that significant 3
stabilization could be achieved with physically realizable values for the control parameters. Based

on these results, a device was designed to match these non-dimensional control parameters for use 1
on the single-stage compressor at the Gas Turbine Lab. The physical device is a steel structure

housing 24 discrete reed valves placed on the casing wall immediately upstream of the 1
I
U



compressor. A schematic of the device is shown in Fig. 1. The reed valves were fabricated from

graphite epoxy composite material to achieve the low mass and relatively high frequency required

by the design study. Additional, non-linear simulations indicated that minimizing the coulomb

friction in the reed valve motion was essential. To this end, low friction, adjustable, pneumatic

dashpots were used to provide the damping for each reed valve. The high pressure air used for the

injection is supplied by a source external to the compressor through a single, variable pressure

supply plenum.

The compressor was instrumented to record steady-state and time-resolved measurements.

The steady-state data recorded includes compressor pressure rise, mass flow, and wheel speed,

and injected mass flow and momentum. A radial traverser is also available to measure the axial

velocity distribution and the inlet boundary layer. Additional instrumentation is available for

measuring time-resolved pressure, mass flow, and reed valve displacement.

Initial experimental results are as follows. Although the amount of steady-state mass flow

injected into the face of the compressor does not explicitly appear in the stability analysis,

experimentally it was found to significantly affect the stability boundary of the compression

system. This is due to the change in the steady-state pressure rise versus mass flow characteristic

resulting from the steady-state mass injection. Thus, in order to isolate the stability improvement

due to dynamic feedback, the increase in stable flow range due to dynamic feedback was

determined by comparing the stalling flow coefficient with the reed valves rigid to the stalling flow

coefficient with the reed valve free to respond to pressure perturbations. The comparison was

made with the same amount of steady-state mass injected. Figure 2 shows the stability boundary

for the compression system with and without structural feedback. As shown, the stable flow

range was increased by 7% in this case. This figure is representative of the largest flow range

extension achieved to date.

The two-dimensional theory predicts that increasing the momentum of the injected fluid

will increase the range extension. However, as the momentum of the injected fluid is increased,

the amount of stabilization due to dynamic feedback decreases. Research is continuing to resolve
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this issue.

Time-resolved pressure, mass flow, and reed deflection measurements are currently being

studied to further characterize the effects of dynamic mass injection. The time-resolved

measurements include:

1) stall inception transients

2) reed valve deflection / pressure transfer functions 3
3) upstream mass flow / pressure transfer functions

4) hub and tip hot-wire traces to determine three-dimensionality of flow field. I
Although the effects of the dynamic mass injection control strategy developed in the

research have not been fully characterized at this point, initial results show that this control strategy I
is a viable methocd to extend the stable flow range of compression systems.

I
I
I
I
I
I
I
I

I
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